








  :%%   :$(




$$ %" %%  #  
$ $1>EM2
%$"%1>7*$
8&8% ; &% ( D:%  
:$#  %$      5#  
 	"" %2 )$ 
# % %    $%"(
$%: $%: :%%%  %
$""$% O%32)$1>7+%%%&#
:#"%25"@5;;%("5"%21>*C&








% " %% " 3 
"$:#" 32
1>M*  3% :: :%%( 
  F:$  '(  
F:$"$" (?B'%"
&% ,---$&% 
'!2  % ::$( 
"$""
"$"" %#5% 3 %
::#%
:$(%%3#" 
%%  %" "$" 2 
:#"% %&" =#0%  %
%#5% 22 $%: %%(
?
( '( 1>M>S Q""  
$##"T$#"%%(














 ::   % "$""" 
$"2 "  :$ " 1>>72
  1>>M( #    % 3 
&% S  " :" "%%%( "
"%  % % % "  %$
:#"$%  $ R%    #0
)%( &  $" ( D0
	%%,--,#"%%(,-1-!2
F  3"  %   3% 
& $$#    	""
 23%  %      $
1>7+"1>**21>M+3%35%
 	$" 	"( 3 %" 
%%%" $  %" 30 &  "
: 2,--*3%"
  	$#%    2 ) %
""  '  "$ "$




   $  
%%&" %2,--,
&  B '" 3
$&$" 
  % $""
&%2
 	$" 	%% 3%


















ACTA CLIMATOLOGICA ET CHOROLOGICA 
Universitatis Szegediensis, Tomus 49-50, 2016, 9-20 
 
9 
ASSESSMENT OF TREE OF HEAVEN (AILANTHUS ALTISSIMA) SPREAD 
DYNAMICS ON EXAMPLE OF SZEGED (HUNGARY) 
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Department of Climatology and Landscape Ecology, University of Szeged, P.O.Box 653, 6701 Szeged, Hungary  
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Summary: The spread of invasive species means a serious ecological problem worldwide. The modified 
environmental conditions in the cities significantly influence (mostly impair) the urban vegetation. In these 
circumstances, invasive species with a wide ecological tolerance enjoy a significant advantage. In our study, the 
possible spreading factors of the Tree of heaven (Ailanthus altissima) were examined on the example of Szeged 
(Hungary). The survey was based on the Local Climate Zone (LCZ) system. Several important characteristics of 
urban space parameters were processed, such as potential direct irradiation, the land cover and the urban heat island. 
We found not too strong correlation for example between the land cover type or the heat island intensity in June and 
the number of trees. 
Key words: urban invasive species, Tree of Heaven (Ailanthus altissima), spatial analysis, urban built-up 
investigation 
1. INTRODUCTION 
The global anthropogenic transformation has significant local implications as well. 
This includes a particularly dangerous environmental phenomenon, the spread of invasive 
species worldwide (Walter and Gillet 1998). The diminishing role of geographical distance 
will further facilitate the expansion of these species. 
The complex surface structure of cities, the different heat capacity and run-off 
properties of the artificial materials used in the built environment have caused the change of 
climatic conditions in urban areas (Unger et al. 2014). This usually leads to heat excess in 
the cities. These environmental conditions have significantly influenced the composition of 
the urban vegetation. The cumulative anthropogenic effects create unnatural habitat 
conditions for species that can tolerate relatively little. Thus, invasive species with a wide 
ecological tolerance enjoy a significant advantage (Bartha 2002, Gulyás and Kiss 2007). Heat 
and drought tolerant tree species, such as the tree of heaven (Ailanthus altissima) may have 
a serious advantage over native species. Temperature trends due to climate change are likely 
to favour species with an aggressive growth strategy, which the urban impacts of climate 
change can strengthen even further. The urban problem of invasive species is a very complex 
topic since the negative effects of urbanization and climate change are summed up. 
Ailanthus is one of the most dangerous invasive species in the Central European flora 
area (Landenberger et al. 2009). It has all the features that enable a plant to withstand the 
changed circumstances in both natural and anthropogenic environment (Udvardy and 
Zagyvai 2012). The aggressive growth strategies of the species make it capable of significant 
propagation, thus it plays a role in not only degrading urban vegetation, but it also contributes 
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to significantly reducing biodiversity outside the city in near natural vegetation (Lawrence et 
al 1991, Kowarik and Sämuel 2007, Csiszár et al. 2012). Due to a strong root sprouting 
ability, it can cause severe damage in the urban environment, i.e. to roads, sidewalks, walls, 
damaging the building structure as well (Udvardy 2004). Despite the seriousness of this 
problem, very little research has so far been conducted on the subject. However, the many 
ecosystem disservices caused by this species require examination. In our research, we 
examine what methods can be used to address this complex urban environmental issue. In 
order to prevent the spread of the species it is necessary that we know the factors most 
influencing propagation. 
2. THE STUDY AREA AND METHODS 
2.1. Description of study area 
Our study area is located in southern Hungary, Szeged. In Trewartha's system the 
country is classified as category D1 (continental climate with longer warm seasons), and 
within this the Great Plain is characterized by warm, dry climate. Thus, the climate in the 
immediate environment of Szeged is also characterized by high summer heat, when drought 
can also develop, high levels of sunshine duration, low humidity and cloud cover (Péczely 
1979). Szeged is the largest city in the Southern Great Plains, both spatially (281 km2) and in 
terms of population size (~ 162,000 capita) (KSH 2015). It is a strongly urbanized area, a 
significant part built-up. The sample areas were chosen in the area of the city called ‘Ó-
Szeged’, northwest of the river Tisza, because this area well reflects the classic city structure 
and built-up types of Szeged. As the assessment of the whole area of the city was not an 
option, we settled for a representative, area-proportional sampling method, which represents 
the variety of urban structures well.  
On the basis of literature data we assumed that the urban spread of the thermophilic 
Ailanthus is influenced by the local climate-modifying effect of the urban environment in 
addition to the background climatic conditions (Kowarik and Säumel 2007, Kowarik 2008). 
Therefore, in the course of the designation of sample areas we took into account the already 
developed Local Climate Zone (LCZ) system in Szeged. The LCZ system is a relatively new 
method aiming to refine the study of urban climate, which takes into account the urban 
surface reactions and thermal parameters in a complex manner (Unger et al. 2014). The 
elements of the LCZ are a few hundred meters to several kilometres areas that are 
characterized with more or less uniform land cover, structure, material types and 
anthropogenic energy emissions. The method has the advantage that the number of subtypes 
is relatively low and they are objectively separable from each other. Each LCZ type has a 
characteristic temperature distribution, which manifests itself most prominently over 
relatively flat and dry surface, calm and clear nights (Stewart and Oke 2012). Because of the 
built-up conditions of Szeged, only 6 LCZ types were isolated in the city (LCZs 2, 3, 5, 6, 8, 
9), of the internationally agreed LCZ types (Unger et al. 2014) (Fig. 1). 
The applied survey method somewhat combines a sampling method used in open areas 
with those matching urban structures well. Accordingly, the sampling areas are located inside 
of the third (and outmost) boulevard. Within the LCZ types 200-m radius circle sampling 
plots were designated based on random sampling (30 plots in all). The number and overall 
area of the plots in each LCZ reflects the areal proportion of that particular LCZ type. In the 
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sample plots we examined Ailanthus individuals located in public areas, because access was 
not possible on private property. Field surveys were carried out between June and September 
in the summer of 2014. All accessible trees were recorded according to a standard wood 
cadastral if their diameter at breast height (DBH) exceeded 5 cm. The height, trunk height, 
DBH, crown diameter, and different parameters of the health condition of the trees were 
recorded. These data were analysed using SPSS 22 statistical software. 
 
Fig. 1  LCZ types of Szeged and sample plots of the investigation 
2.2. Potential direct irradiation investigation 
The maximum potential amount of light available for photosynthesis was estimated 
using a potential direct insolation map. We defined potential direct insolation as the amount 
of direct irradiation, which may come from the sun at the specific geographical location, at a 
given time of day and season of the year, regardless of the state of the atmosphere. In order 
to prepare this we used a digital terrain model of Szeged, including the buildings. The aim of 
the process is to show how much shadows the buildings cast over the surrounding areas, and 
how they limit the incoming direct radiation. The analysis was carried out for the average 
growing season of the Ailanthus (between April 1 and October 31), with a time step of 7 days 
and 5 hours within the day. For this analysis, we used the SAGA GIS software. As a result 
we got the values for each cell of the DTM and calculated the average, minimum and 
maximum value for each plot. The resulting potential direct insolation values and the 
appearance of Ailanthus within the sample areas were compared in order to look for a 
connection between the two phenomena. The direct irradiation data relating to individual 
trees, and averages of the LCZs and the sample areas were calculated using QGIS software. 
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2.3. The effect of built-up area 
In order to prepare a simple surface cover map (concentrating on built-up/green space) 
we used the Department of Climatology and Landscape Ecology’s building database of 
Szeged, a 0.5 m resolution orthophoto created from 4-band (IRGB) UltraCamD aerial images 
as well as a surface model generated from that (Gál and Unger 2012). 
 
Fig. 2  Surface cover categories according to eCognition classification 
The classification was carried out with eCognition 8.7 software, with a simple set of 
rules using thresholds. Four categories have been identified: grassy vegetation, woody 
vegetation, built-up area and shadowed areas (Fig. 2). The green areas were determined using 
the vegetation index NDVI. Due to the light conditions at the time of taking the photos, there 
were strong shadows of the buildings and trees on their northwest side. In these locations 
determining the actual land cover was really precarious and difficult, so overshadowed areas 
are considered lack of data from the point of view of the analysis. The situation is somewhat 
similar with ground under trees, some of these areas may be suitable for Ailanthus 
colonization, however but the chances to determine such places from above are limited. 
2.4. Heat island investigation 
The urban heat island (UHI) is one of the most important effects of climate change in 
urban areas; it is excess heat appearing at certain times. The heat island is best characterized 
by its intensity, which is very closely related with the landcover and built-up area (Balázs et 
al. 2009, Lelovics et al. 2013). The temperature differences show inherent high spatial 
heterogeneity within the city as well. We tried to find a relationship between heat island 
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intensity and the presence and health conditions of Ailanthus. The temperature data for heat 
island intensity were obtained from the Urban-Path project’s climate stations (Unger et al. 
2014) (22 monitoring stations with average and maximum heat island intensity data, with a 
monthly temporary resolution from March to August 2015). We carried out an IDW (Inverse 
Distance Weighted) interpolation on these point data using QGIS software, in order to 
prepare simple maps of the monthly average and maximum heat island intensity in Szeged. 
3. RESULTS AND DISCUSSION 
During the field survey 184 adult specimens of Ailanthus were measured. In the 
downtown areas (LCZs 2, 3) the occurrence of Ailanthus is characterized by a uniform 
distribution and a low number of specimens (Table 1). A possible reason for that is the high 
proportion of built-up areas, which does not provide favourable living conditions for any 
plant. 
 
Fig. 3  Distribution of tree of heaven in some sample plots 
However, the spatial distribution of the trees could be influenced by the fact that 
public green surfaces are better kept in the downtown areas, so there is a higher chance that 
unwanted Ailanthus specimens would be removed than in suburban areas. The highest 
population density (tree per hectare) was observed at LCZ 5 (open construction, medium-
height buildings), and it was also in this type that the most individuals (in absolute term) were 
recorded. Within the LCZ, the distribution is uneven; it is the most dense in the eastern and 
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northern part of the city. In our experience, most of the trees occur in disturbed housing estate 
areas. 
Table 1  Distribution of Ailanthus by LCZ areas and population density per hectare  
(total area= 10,509.94 ha, 1 sample spot=3.09 ha) 
 
LCZ 6 and 8 are not characterized by a large number of specimens. In the open and 
less built-up areas (e.g LCZ 5) more specimens are found, than in the city centre, probably 
because there is more space for growth (Fig. 3). 
During the field survey we noted (and on the survey map it is also outlined) that along 
the boulevards the amount trees is higher. Therefore, the busy boulevards, meaning a major 
disturbance seem to increase the number of Ailanthus trees. 
3.1. Health conditions 
According to the standard wood cadastral mapping method, on which our survey was 
based, the state of the tree can be defined on the basis of the health conditions of the tree trunk 
and the canopy. During the survey we recorded the trunk injuries (eg. bark injuries, rot, cavity) 
and the canopy damage (eg. broken branches, decay of the top, crown base injuries, cavity) and 
tree health conditions were characterized as the sum of these. A deteriorating health status can 
inform about environmental conditions that do not correspond to the trees’ needs. 
Despite Ailanthus being described in the literature as an urbanophile species, in the 
city its health conditions were far from perfect. Looking at all the trees, the condition larger 
or smaller care gaps predominated. Well-tended for specimens were not found, and only 
approx. 8% of the total population (184) could be classified as one of the two better conditions 
(tended and care gaps category). The majority (74.73%) fell into the category serious care 
deficiencies (serious care gap category). Trees in the worst condition (the untended for 
category) represent 17.03% of the total (Fig. 4). 
The health conditions of trees vary according to LCZ as well. Because each LCZ zone 
has similar land cover structure and urban climate features, the differences in the health 
conditions of the trees between the different zones may be informative. Tended trees (i.e. 
individuals developing healthily in most respects) are only found in LCZs 5 and 6. In these 
zones, the picture is the most heterogeneous, because the number of samples is the largest. 
In the other LCZs the low number of individuals distorts the evaluation, although it is striking 
that in LCZ 8 a significant part of the trees is in the untended for category. 




2 5.99 1 6.18 0.16 
3 6.34 4 6.18 0.65 
5 23.71 128 18.54 6.90 
6 56.15 44 52.53 0.84 
8 6.10 7 6.18 1.13 
9 1.71 0 3.09 0 
Assessment of tree of heaven (Ailanthus altissima) spread dynamics on example of Szeged (Hungary) 
 
15 
The more neglected and 
deteriorated the studied areas 
are the worse the health 
conditions of the trees. In the 
housing estate areas (LCZ 5) 
green space is usually less 
tended than in the city centre, 
so the trees are not in such 
good condition either. The 
detached houses area (LCZ 6) 
is similar with the difference 
that here the number of tended 
trees is slightly greater. The 
trees of LCZ 8 are in the worst 
condition, but these are 
industrial sites, where green 
surface management is not a 
priority. 
Ailanthus often res-
ponds to urban conditions by 
drying. We observed that the main and smaller branches started drying in the case of several 
individuals of different sizes, but often even the tree top dieback is apparent. Further typical 
injuries include trunk rot and longitudinal cracks, which subsequently further aggravate the 
health conditions of the trees. Root growth is confined by the narrow space so the Ailanthus 
often develops its roots pushing the surrounding pavement, however in turn it does not grow 
at a healthy pace. Cavities are not typical for Ailanthus. 
3.2. Potential direct irradiation investigation 
We investigated the influence of irradiation on the number of trees at several scales. 
At the tree-level, the individual tree characteristics (size and health conditions) were 
compared with the potential direct irradiation for the whole study area. Then the relationship 
between the number of trees and the plot-level irradiation characteristics was examined for 
both the whole area and the LCZs separately. 
Concerning the dimensional characteristics of the Ailanthus in the study area small 
specimens are the most typical, a DBH of 15–25 cm and a height of 7–8 m are the most 
common; larger individuals are rarely found in the surveyed area. Based on statistical analysis 
neither DBH, height, nor the proportion of dead tissue shows appreciable correlation with 
direct irradiation. There are also no significant differences in the amounts of maximum 
potential insolation and the tree’s site according to tree condition. This was the expected 
result, since the trees dimensional properties depend mainly on age and the habitat, which 
can be considered practically homogeneous within the city. 
Next, we examined the plot-level relationship between the number of trees within the 
plot, and potential direct irradiation using Spearman's rank correlation. For the entire area 
(30 sample plots), the number of trees only showed a significant (negative) correlation with 
the maximum of the radiation (r = -0.469). This can be explained with the fact that the highest 
potential irradiation values appeared on building tops (due to the simplified building 
database, in which all roofs are flat) and in larger squares (of which there are few in the city). 
 
Fig. 4  The health conditions of trees by LCZs 
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Therefore, the highest maximum potential irradiation values occurred where there are large 
and tall buildings, mainly in the well built-up city centre, where there are few Ailanthus trees. 
When considering the LCZs separately, there are only two zones (5 and 6), where the 
number of plots was sufficient in order to calculate correlation. LCZ 5 contains less plots but 
more trees whereas in LCZ 6 there are more plots with much less individual trees. In LCZ 5, 
the number of trees showed a strong positive correlation (r = 0.829) with the potential direct 
irradiation averaged for the plot. These results are more easily interpretable and they 
correspond to our experience in the field as well. In LCZ 5 we find more Ailanthus where 
there is more available amount of light. This LCZ is dominated by housing estates, i.e. high 
buildings and large, open areas with high amounts of light, where the Ailanthus has optimal 
growth area. 
3.3. The effect of built-up area 
One important difference between urban and natural habitats is that the former has 
varying degrees of built-up area, which greatly limits the spread of a species. Such abiotic 
limiting factors are rare in natural habitats. The land cover map of the area used four 
categories (grassy vegetation, woody vegetation, built-up, and shadow area). The category 
grassy vegetation is low green surfaces, typically grasses or small bushes. The woody areas 
include all mature trees. The built-up category contains all the artificial surface elements: 
sidewalks, roads, buildings and bridges. The creation of the shadow category was necessary 
in order to indicate lack of data – the shading effect of the buildings and large trees could not 
be eliminated. The analysis was carried out in 29 plots within LCZs 2, 3, 5, 6 and 8 (Fig. 5). 
 
Fig. 5  The surface cover categories in sample plots and the LCZ background 
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The built-up rates are different within the various LCZs (Fig. 6), LCZs 2 and 8 have 
the highest proportion of built-up areas. At the same time, in LCZ 2 the ratio of the shadows 
is very high, due to the presence and shading effect of high buildings. In the other LCZs, the 
built-up ratio is lower by almost 30%. In LCZs 5 and 6, the built-up areas show similar 
proportions, however the LCZ 5 has slightly higher proportion of woody vegetation. 
In the correlation analysis (including all 29 plots) the relationship between the total 
area of the categories (per plot) and the number of Ailanthus trees in the plot was examined.  
Weak to moderate 
correlation was detected 
between the number of trees 
and the ratio of woody 
vegetation-covered areas. This 
is partly (but not entirely) due 
to the fact that the Ailanthus 
trees themselves have fallen 
into the woody vegetation 
category. In addition, it is also 
implied that small trees may 
often spring up at the foot of 
larger trees. Examining the 
LCZs individually, it is only in 
LCZ 5 that a strong positive 
correlation could be detected 
between the number of trees 
and the grass vegetation area. 
In this LCZ housing estates are 
frequent with major open 
grassy areas between the buildings. In order to refine this analysis, further surveys will be 
needed, including increasing the number of sample plots. 
3.4. Heat island investigation 
The temperature differences show a high spatial heterogeneity within the city, and this 
is why we chose to compare the heat island intensity with the occurrence and health status of 
Ailanthus trees. Heat island intensity varies according to season but the values are generally 
higher in the downtown areas. In many cases, however, such as the maximum value of the 
May heat island intensity can be high in the outer zones LCZ 5 as well. The number of 
Ailanthus trees in the plot and the heat island intensity generally showed no significant 
correlation, except for the June average heat island intensity with which it showed a weak 
negative relationship. 
The sample plots characterized by greater number of Ailanthus trees are mostly 
located in low heat island intensity areas (Fig. 7) (the relationship is significant at the 10% 
level, the specific value was 5.2%). This result is presumably linked with the ratio of built-
up areas, as heat island intensity is usually greater in the more densely built-up areas. In such 
areas growth possibilities for trees are also limited by the lack of available space. 
We carried out further analysis concerning the relationship between heat island 
intensity and tree health conditions. We plotted the average values of heat island intensity in 
 
Fig. 6  The built-up categories by LCZs 
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the vicinity of the trees according to the health conditions categories (Fig. 8). The results 
were verified using the Mann-Whitney U test. 
 
Fig. 7  The average heat island intensity (°C) in June 2014 with the tree numbers in the sample plots 
 
Fig. 8  The heat island intensity (°C) and the health conditions of trees  
(Error bars represent the 95% confidence interval) 
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Based on the results, the trees in worse conditions have higher heat island intensity 
values associated. The highest means were found where trees were in the worst condition 
(untended). It is clear that for trees in a bit better condition (serious care gaps category) this 
value is lower. Although the other two categories seem to follow a similar trend, there are 
too few trees and consequently too high standard deviation. We can conclude that trees 
considered to be in worse condition were typically found in areas characterized with higher 
heat island intensity. This analysis was run both with the monthly average and the monthly 
maximum heat island intensity values, and the results were the same. 
Overall, the strongest relationship with both the number of trees per plot and the health 
conditions were found with the June heat island intensity data, when the UHI is strongest. 
The correlation with the number of trees is mostly not significant, but it is significant for the 
June data at the 10% significance level. The weak relationship probably originated from the 
fact that (1) heat island intensity can be one of several factors influencing the condition of 
the trees (2) the heterogenity of the actual UHI intensity is probably greater than that 
represented by our interpolated map. The trees occur less in areas with higher heat island 
intensity, as these are also the most densely built-up areas, least suitable for colonization for 
any type of vegetation. When investigating the relationship between tree condition and heat 
island intensity it can be seen that trees in worse conditions are usually found in areas with a 
higher heat island intensity (considering both the monthly average intensity and the 
maximum). The fact that there is a difference between individual months, however, suggests 
that there is a real link between the microclimate and the studied species. 
4. CONCLUSIONS 
The analysis of the urban appearance of invasive species is a complex and little-
researched area. In our research, we tested a method often used in natural environments, in 
order to find out whether it is suitable to examine the spread of the Ailanthus in an urban 
environment. As a city has extremely complex ecological relationships, the results are not 
always clear. In this phase of the study it can be seen that in the densely built-up areas of the 
city centre, the chance of Ailanthus occurrence is small. This has several, interconnected 
reasons, from the quantity of available light to the extent of heat island intensity, which 
probably affect the trees in a complex manner. The trees have a very heterogeneous 
distribution and it is difficult to clearly explain the large differences in density. 
The accuracy of the results could be achieved by further increasing the number of 
sample plots, as a large and representative volume of data provides more reliable and general 
results. Additional parameters e.g. precipitation at the plots or the amount of nutrients 
available could improve the complexity of the research. 
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Summary: Studying the altered urban environment is important because of the high number of the involved 
inhabitants. In urban areas surface cover and geometry differ from the rural surfaces, and the water and energy 
balances are modified. As a result the thermal environment and the airflow conditions are modified, and these 
modifications affect the energy consumption and wind energy potential in urban areas. The evaluation of the urban 
surface geometry and its parameters are not straightforward, and still a rapidly developing field of research. In this 
paper new software methods for the calculations of urban surface parameters are presented. These software tools 
enable us to evaluate the building and tree-crown databases from spectral and elevation data, and to use these two 
datasets to calculate SVF and roughness parameters. These software tools were applied for the study area in 
Debrecen, Hungary, in order to test the methods and to gather information about the variance of the urban surface 
in this city. Using the results the heating/cooling energy demand of the households and the wind energy potential 
can be estimated in urban areas. 
Key words: building and tree datasets, mapping tools, surface geometry, urban climate 
1. INTRODUCTION 
Studying the altered urban environment is important because of the high number of 
the involved inhabitants. The surface cover and geometry differ from the rural surfaces, and 
the water and energy balances are modified (Oke 1987). Urban climate research focuses on 
this modified local climate. This is a priority topic since the prediction of the possible impacts 
of global climate change for urban areas is impossible without an in-depth knowledge of the 
features of urban climate. The two most important modifications of the climate in these areas 
are the altered thermal environment and the different airflow conditions, and both of these 
climate modifications are primarily connected with the alteration of the geometry and 
material characteristics of the surface (Oke 1987). 
The thermal modification often appears in urban temperatures being higher than in 
the surrounding rural areas (urban heat island − UHI). The largest UHI, which is the strongest 
urban-rural temperature contrast, generally appears at night, while during the daytime the 
difference is moderate or absent. The main reason of the UHI is the urban-rural difference in 
the nocturnal cooling processes, which are primarily forced by outgoing long wave radiation. 
In urban areas the 3D geometrical configuration of the surface plays an important role in the 
restriction of long-wave radiative heat loss, and contributes to intra-urban temperature 
variations below roof level (Oke 1981). The sky view factor (SVF) is the most appropriate 
parameter describing the urban geometry (Oke 1981, Svensson 2004). SVF is defined as the 
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ratio of the radiation received (or emitted) by a planar surface and the radiation emitted (or 
received) by the entire hemispheric environment (Watson and Johnson 1987). It is a 
dimensionless measure between zero and one, representing totally obstructed and free spaces, 
respectively (Oke 1988). This parameter is also essential for the estimation of the solar 
potential in urban areas because the higher the SVF at a surface point the greater its openness 
to the sky thus the larger its solar potential too.  
Due to the increased drag of the surface the average wind speed is lower in the cities than 
in the surrounding rural areas (Oke 1987). For describing the geometry or texture of the surface 
and as a consequence its roughness several parameters are known (Grimmond and Oke 1999). 
The connection between the wind and the drag force of the obstacles (buildings, vegetation) can 
be characterized by the zero-plane displacement height (zd) and the aerodynamical roughness 
length (z0) (Counihan 1971). These are the key parameters in studying the urban atmosphere, and 
at the same time these are the basic parameters for the estimation of intra-urban wind energy 
potential. 
There are several options to calculate SVF values in urban environment (see Unger (2009) 
and Chen et al. (2012) for brief reviews). One way is the application of computer algorithms that 
requires a 3D surface database about the examined area. These methods can be separated by the 
input data used (raster or vector). Most of them utilize high resolution raster digital surface models 
containing the terrain and the buildings for computing patterns of continuous sky view factor 
(Lindberg 2007). Their advantage is that the roof of buildings can be managed more easily; 
however the accuracy of the results is significantly affected by the selection of the resolution of 
the input data (Gál et al. 2009). There are some examples for vector-based methods as well (Souza 
et al. 2003, Gál et al. 2009, Matzarakis and Matuschek 2010). These scripts calculate the SVF 
values more accurately because the buildings are in vector format, thus the locations of the 
building walls are unequivocal and do not depend on the resolution. 
The determination of the roughness length (z0) and displacement height (zd) is not 
straightforward and remains problematic however there are numerous ways for their assessment 
or calculation. Three generalized classes of these methods are available: (1) micrometeorological 
methods using field observations of wind and turbulence, (2) roughness classification methods 
using roughness classes and visual estimation, (3) morphometric (or geometric) methods using 
measures of surface morphometry. The most common micrometeorological methods use data of 
field observations from one or a few installed and instrumented tall towers for the computation of 
z0 and zd based on the log-law (Grimmond and Oke 1999). The micrometeorological methods are 
unsuitable for detailed roughness mapping; however they are suitable for the validation of the 
other surface roughness calculation procedures. With the classification methods roughness can be 
estimated based on earlier measurements of the roughness values in a similar terrain elsewhere. 
The well-known Davenport method distinguishes eight roughness classes and it uses the eye as 
integrator of photographs or land use maps (Davenport et al. 2000). This method is based on the 
decisions of the researcher who evaluates the input data, thus it is not suitable for the development 
of a roughness calculation software. There are several morphometric methods using surface 
morphology data (Counihan 1971, Bottema 1997, Grimmond and Oke 1999). These methods are 
based on empirical relations from wind tunnel studies concerning flows over regular building 
arrangements and there are only a few examples of their generalization. 
The roughness parameters are widely used for wind speed reduction in urban sites where 
in situ measurements are not available. Wind speed at 2 or 10 m above ground level is a key input 
parameter for microclimate modeling for example in ENVI-met (Lahme and Bruse 2003, 
Égerházi et al. 2013) or in the RayMan model (Matzarakis et al. 19), and it is also applied for the 
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calculation or modeling of human thermal comfort parameters (Spangolo and de Dear 2003, 
Kántor and Unger 2011, Bröde et al. 2012). 
The aims of this study are (i) to present a new automatic software method for the 
calculation of sky view factor and roughness parameters, and (ii) to apply these methods in a 
medium sized city (Debrecen, Hungary). 
2. STUDY AREA AND THE APPLIED DATABASE 
The study area is located in Debrecen (47.5°N, 21.5°E). The city lies at a height of 
120 m above sea level on nearly flat terrain in the Great Hungarian Plain, which is favorable 
for UHI development (Fig. 1). It is the second largest city in Hungary with a population of 
220 000. Debrecen is the cultural, academic and economic centre of the northeastern region 
of the country.  
The city’s region belongs to the Köppen climate type Cfb on the basis of the 1961–90 
climate normal, but it has a significant year-by-year fluctuation. The annual amount of 
precipitation is about 550 mm and its variation shows a maximum in May and June. 
Generally, the summer is sunny and warm, with an average temperature above 20 °C. The 
winter is cold; it is around -2 °C and it is often snowy. The wind speed is usually around  
3 ms−1 and the prevailing wind direction is northeasterly (Bottyán et al. 2005). 
The study area was divided to 1 km × 1 km grid and the roughness parameters were 
calculated for the center points of each grid (Fig. 1). The SVF varies at the local scale 
therefore it is not reasonable to present its intra-urban variation in the entire city area. So 
three grid cells representing the most important built-up types of the city were selected 
(Fig. 1): compact midrise, open midrise and open low-rise. 
 
Fig. 1  Study area with the 1 km grid for roughness calculation and the areas  
(a: compact midrise, b: open midrise, c: open low-rise) for SVF calculation 
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Detailed building and tree-crown databases were used as inputs for the SVF and 
roughness calculations in the study area. These databases were calculated with a tree-crown 
mapping tool (TCM) (Fábián 2012, Gál et al. 2013). This standalone automatic software tool 
was developed in C++ language and it is compatible with Windows and Linux environments.  
The basic parameter for tree crown mapping was the Normalized Vegetation Index 
(NDVI). NDVI is calculated from the red and near infrared pixel values of the aerial image, 
it is between -1 and +1 and the values between 0.2 and 1 represent the areas where the amount 
vegetation (biomass) is high (Lillesand and Kiefer 1987). Elevation information was stored 
in comma-separated text files and the outputs of the software were in two shapefiles 
containing the building and tree crown databases (Gál et al. 2013). The NDVI represents the 
ratio of the vegetation thus it is important for deciding whether a point (a pixel in an aerial 
photograph) belongs to a building or to a tree. If the NDVI indicates that this point is a part 
of a tree crown, it is classified as tree crown, even if there is a building roof under it.  
In this case the source of the elevation data was a 3D point cloud calculated by 
photogrammetric method. For the evaluation of the 3D point cloud and calculation of NDVI 
4-band digital aerial photographs were used, taken by the Hungarian Institute of Geodesy, 
Cartography and Remote Sensing in 2007. The resolution of the photographs is 
approximately 0.5 m and they have 4 spectral bands (3 visible and 1 near infrared). Due to 
their spectral and spatial resolution these bands are suitable for calculating high resolution 
spectral indices (e.g. NDVI), also for applying photogrammetric methods for height 
measurements at the same time. This kind of aerial photographs are commonly used for 
cartographical issues, and they can be accessed easily in most of the countries (Gál and Unger 
2012). The evaluation of the aerial photographs was carried out with the Leica 
Photogrammetry Suit, and for the height measurements its enhanced Automatic Terrain 
Extraction (eATE) tool was used. 
As an optional input the TCM can use building footprints and tree-crown border lines 
in ESRI shape files. If these files are available the calculation time can be significantly 
shorter. In our case a building footprint database was applied as an input, which was 
calculated from the digital cadastral map of Debrecen.  
The localization of the tree-crowns is based on the NDVI values. The shapes of the 
tree-crowns are calculated by using Thiessen (or Voronoi) polygons (Aurenhammer 1991) 
around the points in the 3D point cloud. Tree crown points are localized by the software. All 
points in the 3D point cloud were identified as tree points, if the NDVI value in the same 
location was higher than 0.35 and grass areas if it is 
between 0.15 and 0.35. These values are based on a 
test in selected aerial photographs. During the test 
we calculated the NDVI values for several typical 
tree crowns and for typical other vegetation patches 
(grass, etc). Also, the method selects tree points in a 
small area, where there are no other (non-tree) points 
inside the perimeter of this selection, and the 
difference of the elevation of the points is below a 
threshold (0.5 m in this case). Finally, a Voronoi 
polygon was plotted around of this set of tree points. 
Within all of these polygons two different elevation 
values are calculated: (i) tree top height (the average 
of the highest 5% of the measured elevations), (ii) 
 
Fig. 2  Concept of the building and 
tree-crown databases (a: footprint,  
b: side view) 
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tree perimeter height (the average of the lowest 5% of the measured elevations). Hereinafter 
we use only this second elevation value. 
The obtained building and tree-crown databases contain polygons (bordered by not 
only straight but curved lines too) representing the parts of the roofs or trees where the 
elevation values are approximately the same (Fig. 2). In our case the building database was 
calculated using the building footprints, thus we have only 2 height values for each building 
(roof top and eaves heights). 
The building and tree-crown databases were evaluated for the whole study area. Fig. 3 
illustrates a small part of it in the center of Debrecen. 
 
Fig. 3  Building and tree-crown databases in the center of the whole study area 
3. NEW CALCULATION METHODS 
3.1. SVF mapping tool 
The calculation of the SVF is based on a modified form of the equation by Unger 
(2009) and  Gál et al. (2009). It takes into account the effect of different object types on the 
SVF. These objects are: building (B) with the highest elevation angle (β) in a given direction 
from a given point, tree (T1) with the highest elevation angle (β + γ) in the same direction, 
and tree (T2) with the highest zenith angle (δ) of the crown overlapping the point where the 
SVF calculation was made (Fig. 4). 
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Fig. 4  Elevation angles for the different objects in a given direction 
The value of the SVF for a given point is equal to one minus the sum of the view 

















1  (1) 
where τ is the transparency of the tree crowns. This transparency is considered to be constant 
and it describes the average transparency of the different tree species in the study area. In 
order to estimate the transparency we carried out field measurements and we obtained a τ 
value of 0.863591 (Gál and Unger 2012, 2014). 
The calculations of the three different view factors were based on the equation for the 
calculations of SVF in a regular circle basin given by Oke (1987). For a regular basin, where 
β is the elevation angle from the centre to the wall, the SVF value (referring to the basin 
centre) is: SVFbasin = cos2β. So the view factor of a basin with the same elevation angle β is 
VFbasin = 1 – cos2β = sin2β. Therefore, if we have a regular circular building around the point 
of interest the view factor of this building is VFB = sin2β. Similarly, the view factor of the 
first type trees is calculated using the angle γ with the following equation: VFT1 = sin2(β + γ) 
– sin2β (Figs. 4 and 5). For the second type trees δ is used for calculation: VFT2 = sin290° – 
sin2(90° – δ) = 1 – sin2(90° – δ). 
In real situations the angular height of the objects is not equal in all directions; 
therefore the projection of the objects on the hemisphere is not a circle. In this case the three 
angular heights vary as a function of the direction (ω), so the Eq. 1 is modified: 

















2 90sin1sinsinsin1 dddSVF  (2) 
To develop a computer algorithm, the utilization of Eq. 2 is not appropriate therefore 
the SVF value of this equation is estimated by using 
discrete sections of the hemisphere. The width of these 
sections is defined by the rotation angle α (Fig. 5) that 
determines the resolution of the calculation. If the value 
α decreases, i.e. the hemisphere is divided in small 
parts, the resolution and precision of the method 
increases since these describe the real layout of the 
objects around the point of interest more precisely. 
Using the angle α, Eq. 2 can be approximated 
with Eq. 3, where n is the number of divisions of the 
circle (n = 360°/α). In all directions only the elevation 
 
Fig. 5  Polygons on the hemisphere 
corresponding to a building (B) and 
to the two types of tree-crowns  
(T1 and T2) (for explanation of 
angles see the text) 
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angles (β, γ, δ) (Figs. 5 and 6) have to be determined for the calculation using the building 
and tree-crown databases. 




































α  (3) 
For the implementation of this calculation we developed a new software method in 
Java language. It is compatible with both Windows and Linux platforms, and it does not need 
any GIS software to operate (Gál and Unger 2014). This software reads the geometry and 
attributes information from the input building and tree crown shape files. For each SVF 
calculation point it scans the elements of the building and tree-crown databases with a 
projection line in a given (user defined) distance. The first direction of scanning line is North 
and then rotated clockwise by (user defined) angle α. The software calculates the highest 
elevation angles β and γ, and the largest zenith angles δ for all scanning lines; it also calculates 
the view factors for the different objects (B, T1, T2). The software applies a user defined 
constant transparency value (τ) during calculations. The calculation time is significantly low, 
the calculation of the SVF for one point takes only approximately 0.6 s in a common PC 
(Core i3 processor and 4 GB memory). 
3.2. Roughness mapping tool 
In our earlier research we have developed a new implementation for roughness 
calculation (Gál and Unger 2009). With this approach the calculation of the roughness 
parameters is possible not only for regular arrays of buildings and houses but also for 
irregular building groups as well as real urban sites (Gál and Unger 2009). The basis of the 
roughness length (z0) computations is in accordance with the method of Bottema (1997). His 



















exp0   (4) 
where CDh is the drag coefficient for isolated obstacles and it is considered constant (0.8) 
(Bottema 1997), and λF is the frontal area ratio of an elementary area. The formula of the zero 
displacement height (zd), which is necessary for Eq. 4, is a simple power-law approximation 
of the regular-group-model: zd = h · (λP)0.6, where λP is the plan area ratio of an elementary 
area. In the case of irregular arrangements it gives an approximate value for zd without taking 
the volume of the buildings and their recirculation zones into account. 
The basis of the calculation of the input parameters is the building block; therefore 
the buildings touching each other were merged into blocks. As a next step we divided the 
study area into polygon-shape areas based on these blocks, which is a kind of extension of 
the approach used by Grimmond and Oke (1999). Each polygon consists of the set of points 
closer to the central building block than to the other blocks. 
We defined the total surface area or lot area (AT) as the area of a polygon. The sum of 
the areas of building footprints is the plan area for buildings (APb). For the tree-crown parts 
in each polygon we have done the same in order to obtain the plan area for trees (APt). The 
wind flow blocking attributed to the tree-crowns can be described using the porosity (p), 
which is a simple ratio of the perforated area to the total area of an obstacle (Heisler and 
DeWalle 1988). This p value for buildings is 0 but for deciduous trees it is characteristically 
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0.2 in winter and or 0.6 in summer owing to the variation of leaf cover. Using the porosity 
values the plan area ratio (λP) referred to a polygon is: 
 λP = (APb + (1 – p) · APt) / AT (5) 
In order to determine the frontal area ratio (λF) we have to compute the frontal area of 
each building and tree-crown (Fig. 6). The frontal areas 
of buildings and trees depend on the direction of the 
airflow. The basis of the calculation is the frontal 
projection of the buildings and the tree-crowns within 
a lot polygon. This frontal projection could be 
calculated using projection lines with a given 
resolution (∆x). For each lines two height values are 
obtained: zt for trees and zb for buildings (Fig. 6). The 
frontal area for buildings (AFb) is the sum of the ∆x · zb 
values in each projection lines. The calculation of the 
frontal area of tree-crowns (AFt) is similar (sum of 
∆x · zt) if the value of zt is higher than the value of zb. 
In the case when the projection of a building is higher, 
the tree-crown is omitted from the calculation, because 
it has insignificant effect for the airflow compared to 
the building. The frontal area ratio referred to a polygon 
(and to an orientation) is: 
 λF = (AFb + (1 – p) · AFt) / AT  (6) 
The calculation of the volumetrically averaged building height needs the volumes 
(Vb1, Vb2, Vb3, …, Vbn) and heights (hb1, hb2, hb3, …, hbn) of each building and also of tree-





























The final step is to take into account the effect 
of the surrounding areas. For this purpose we applied 
the concept of fetch (Liu et al. 2009). With this 
concept the effect of the source area (Schmidt 1994) 
for the airflow can be included into the calculation 
of the roughness parameters. In their work (Liu et al. 
2009) the roughness length was calculated with four 
different morphometric methods in an elliptical area. 
The major and minor axis of these fetch were 500 
and 150 m, respectively. The major axis was parallel 
to the wind direction, and the near endpoint of the 
windward placed fetch was at the measurement site (Fig. 7). 
 
Fig. 6  Concept of the frontal area 
calculation in a few different cases 
(for explanation of symbols see the 
text) 
 
Fig. 7  Illustration of the fetch in an 
urban area (the cross shows the 
measurement site) 
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In our new method we use the similar approach. The roughness calculation refers to a 
point grid with an arbitrary resolution. For each point the roughness parameters are calculated 






































1  (6) 
where Ai is the overlapping area, z0i is the roughness length, zdi is the displacement height of 
each lot polygon from the group of the polygons overlapping with the fetch (Fig. 7). 
4. RESULTS 
4.1. Intra-urban SVF patterns 
The main characteristics of the spatial patterns of the calculated SVF values in the 
three different urban areas are significantly different. In the compact midrise area (Fig. 8a) 
the dominant range of SVF is 0.1–0.5, and only a few wide streets and urban squares have 
higher values. The dominance of the low SVF indicates that the long wave emission of the 
surface is mostly blocked in the urban canopy layer, thus at nighttime the cooling rate is 
moderate compared to the rural area.  
 
Fig. 8  Spatial patterns of the SVF in the three different urban areas  
(a: compact midrise, b: open midrise, c: open low-rise) 
In the open midrise area (Fig. 8b) the buildings are not smaller than in the compact 
midrise area, but the dominant range of the SVF decreased significantly. The values around 
0.1–0.5 appear only in the close proximity of the buildings or in the urban parks with 
significant tree cover. In most of the streets the typical values are around 0.5–0.7. This 
difference indicates that the radiation balance and thermal reactions of this area are not so 
different from the rural ones like in the case of the compact midrise area. 
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In the open low-rise area (Fig. 8c) the typical SVF values are around 0.4–0.7, only 
some parts – with significant tree crown cover – have 0.1–0.3 values. The streets have 0.5–
0.8 values and most of the backyards have the same or higher SVF because in these areas 
mostly low vegetation is present. These SVF values indicate that this kind of urban area has 
the least modified thermal properties and radiation balance within the presented types. 
With the help of the obtained results of SVF calculation the thermal characteristics of 
the different built-up types can be identified. The compact midrise areas (city core) possibly 
have lower cooling rates at nighttime, thus the energy consumption of the households 
decreases in winter and increases in summer. This difference is less characteristic in the open 
midrise areas (housing estates) and the open low-rise (houses with gardens) areas. These 
results may help to calculate the energy consumption of these building types, which is 
essential for planning the necessary production by the renewable energy sources. 
4.2. Roughness parameters in the study area 
In the urbanized area of Debrecen the two most important roughness parameters show 
an almost concentric shape (Fig. 9). The zero displacement height (Fig. 9a) increases at the 
edge of the urban area and in the mostly open low-rise areas of the city it is around 2–5 m. 
At the edge of the inner city there is a rapid increase and in the city core its value reaches 
12 m. 
Roughness length increases rapidly in the edge of the city (Fig. 9b), the highest z0 
values appear in the center and in the open midrise areas (thanks to the 10-story buildings). 
In the center it reaches 2.5 m and in most of the city core it is larger than 1.5 m. 
 
Fig. 9  Spatial distribution of displacement height (a) and roughness length (b) in m 
Using these spatial patterns of the roughness parameters the most suitable areas for 
the development of the household-scale small wind turbines are mostly the open low-rise 
areas in the suburbs owing to the small enough z0 and zd values here. The tops of the high 
buildings in the open midrise areas may be also considered in this respect because of the 
relatively small roughness parameters. However, the city core is not appropriate for this 
purpose, namely the roughness parameters indicate high drag and decreased wind speed near 
the top of the buildings. 
Calculation of sky view factor an roughness parameters in a medium sized city 
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4. CONCLUSIONS 
We presented new software methods for the calculation of urban surface parameters. 
These software tools enable us to evaluate the building and tree-crown database from spectral 
and elevation data, and using these two datasets to calculate SVF and roughness parameters. 
In this study we applied these software tools for a study area in Debrecen, Hungary, in order 
to test the methods and to gather information about the variance of the urban surface in this 
city. Using the results of this study the heating/cooling energy demand of the households and 
the wind energy potential can be estimated in urban areas. 
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ANALYSIS OF LAND SURFACE TEMPERATURE AND NDVI DISTRIBUTION 
FOR BUDAPEST USING LANDSAT 7 ETM+ DATA 
G MOLNÁR 
Department of Climatology and Landscape Ecology, University of Szeged, P.O. Box 653, 6701 Szeged, Hungary 
E-mail: molnarge@geo.u-szeged.hu 
Summary: Urban areas considerably vary in land coverage, emission of pollutants and anthropogenic heat release 
from the natural surroundings. As a result, an alteration of meteorological variables (e.g. temperature, wind, 
moisture) is detected in the cities, which can fundamentally be observed with three methods: in-situ measurements, 
numerical mesoscale meteorological models and remote sensing products. In this work, a satellite imagery (single-
channel algorithm) technique was utilized to investigate the spatial distribution of land surface temperature (LST) 
and normalized vegetation index (NDVI) for the capital city of Hungary. The high-resolution thermal infrared band 
(60 m) of Landsat 7 ETM+ (Enhanced Thematic Mapper Plus) provides a powerful tool to categorize different land 
cover zones and to determine the thermal properties of land surface. Two dates (2 and 18 August 2014) and 11 Local 
Climate Zones (LCZs) were selected to take into consideration the progress of vegetation and the dissimilarity of 
land coverage in LST modification. The results suggest that the presence of vegetation leads to a significant LST 
reduction. For instance, the thermal contrast between the LCZs of compact midrise (NDVI: 0.15) and dense trees 
(NDVI: 0.73) passed 40 °C on 02 August, 2014. On average, the LST approached 40 °C in case of three LCZs 
(compact midrise, compact low-rise, open midrise) and for 9% of the total study area. 
Key words: Land surface temperature, Normalized Difference Vegetation Index, Landsat 7 ETM+, Local Climate 
Zones, Single-channel Algorithm, NDVI Threshold Method 
1. INTRODUCTION 
After the industrial revolution, the population started to increase explosively, and this 
process caused a rapid urbanization. Whilst 3% of the global population lived in urban areas 
in the 1800s, nowadays this ratio exceeds 50%. The tendency will likely continue in the 
forthcoming decades: according to some estimations (e.g. UN 2015), the expansion of urban 
areas can reach 66% by the 2050s. Urbanization contributes to the change of land-use and 
environmental factors. The natural landscape being replaced by artificial materials generated 
a remarkable change in physical features: roads, pavements have lower albedo, higher 
volumetric heat capacity and thermal conductivity compared to the natural sites.  
The modification of the surface energy balance can also be observed in the urban 
areas. Because of the lower albedo, less incoming (shortwave) radiation is reflected from the 
ground, thus more heat (energy) is stored in the urban fabric. The reflected shortwave beam 
is strongly absorbed and backscattered by the pollutants. Long wave components are also 
attenuated by the absorbtion and re-emission of the aerosol particles. Traffic, industry, 
domestic energy usage (heating, cooling, cooking etc.) induces a large quantity of 
anthropogenic heat (AH) emission. Emission of stored and anthropogenic heat leads to an 
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energy surplus in the inner cities. Subsequently, a temperature difference occurs between the 
urban and rural areas, which is named the urban heat island (UHI) phenomenon. As reported 
by most studies (e.g. Miao et al. 2009, Wang et al. 2013, Chen et al. 2014), the proportion of 
AH release in a heat island may attain 30% depending on the land cover categories. 
UHI is mostly developed under anticyclonic synoptic conditions, when the wind speed 
is low and the insolation is not interrupted by clouds. As a result of complex physical 
processes, the magnitude and the behavior of vertical heat island are diversified in the urban 
boundary layer. Features of the surface heat island (SUHI) depend on the amount of incoming 
radiation, hence the largest intensities can be found in summer at daytime, while the 
conventional (canopy layer) heat island is strongest at nighttime due to the heat emission 
from artificial materials. The frequency of heat waves tends to be higher in the forthcoming 
decades (Field et al. 2014). The existing heat island increases, even more enhancing the 
thermal load during the heat wave periods proportionally to the city-size (Gosling et al. 2007). 
The other significant environmental problem is the photochemical transformation of 
precursors (e.g. nitrogen-oxides, carbon monoxide, VOC). Consequently, the mortality rate 
of urban habitants becomes larger afterwards (WHO 2004), which urges the decision-makers 
to assign a reason to mitigation strategies. One of the most productive approach is the 
establishment of green areas. Vegetation lowers the temperature by the shading effect and 
reduces the air pollution by the stomatal exchange of CO2/O2. By the biophysical process of 
evapotranspiration, plants distract latent heat from the environment cooling their local area 
as well. Besides these direct effects, the greenery lowers the emission of pollutants by 
decreasing the energy consumption of AC systems. The advancement of remote sensing has 
opened a new dimension in the urban environment- and vegetation-related investigations. 
Nowadays, large datasets are available for scientific and educational purposes, because the 
satellites guarantee high-resolution and continuous data even where field observations are 
not applicable or do not exist. 
Numerous researches examine the connection between the NDVI and the LST using 
Landsat 7 ETM+ data. Mallick et al. (2008) found reasonably strong relationship between 
the two variables. The land cover category of dense vegetation (forest) and high dense built-
up showed the highest (R2=-0.752) and the lowest (R2=-0.394) correlation in Delhi (India). 
Alipour et al. (2008) compared the mono-window algorithm of Qin et al. (2001) and the 
single-channel method of Jimenez-Munoz and Sobrino (2003). The results argued that both 
algorithms captured the LST distribution well with an irrelevant difference (∆R2≈0.06). 
Senanayake et al. (2013) introduced the Environmental Criticality Index (ECI) based on the 
ratio of LST and NDVI. ECI presented inverse proportion to NDVI, thus the areas with lack 
of vegetation might have high ‘environmental criticality’. Walawender et al. (2014) 
confirmed that the land-cover characteristics (e.g. shape of buildings, availability of 
vegetation) are the most decisive circumstances in the spatial distribution of LST. They 
emphasized that the largest influence on LST can be observed at the end of the vegetation 
period, when the greenery is greatly developed.  
Urban environment research has been conducted in Budapest since the 1970s (Probáld 
1974, 2014). The studies have generally been focused on the comparison of in-situ 
measurements and satellite observations. In the work of Pongrácz et al. (2010), a 
Terra/MODIS (Moderate Resolution Imaging Spectroradiometer) dataset was employed to 
study the thermal conditions in Budapest and other Central European cities (e.g. Belgrade, 
Bucharest, Milan, Munich, Sofia, Vienna, Warsaw, Zagreb). The largest SUHI appeared in 
summer at nighttime; the monthly mean values reached 3–4 °C in Budapest. Fricke et al. 
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(2014) investigated the relationship between LST and vegetation-cover on the district-scale. 
MODIS measurements indicated that the SUHI was, on average, 1.5–2 °C higher in the 
urbanized territories than in the encircling forests. Gábor and Jombach (2009) classified the 
land surface of Budapest into 14 classes and calculated LST and NDVI using Landsat 5 TM. 
The study showed that the highest LSTs were found in the categories of Intensive residential, 
Commercial and railway junctions. In addition, the average temperature difference achieved 
14 °C between Woodland and Commercial classes.  
The main objective of our investigation is to analyze the role of greenery in thermal 
load reduction by the comparison of NDVI and LST distribution in Budapest. To the best of 
the author’s knowledge, Landsat 7 ETM+ data have not been applied to similar investigations 
yet, therefore this work aims to provide a beneficial basis for further research. In this study, 
after a short review of urban environment, the study area and the operation of Landsat 7 
ETM+ are described in Section 2. Then the article gives a short explanation about the 
calculation of NDVI and LST using the images of red, near infrared and thermal infrared 
bands. Finally, maps and cross-section diagrams are represented to understand the spatial 
pattern of NDVI and LST distribution for the 11 Local Climate Zones (LCZs) (Stewart and 
Oke 2012) of Budapest. 
2. MATERIALS AND METHODS 
2.1. Description of the study area 
Budapest (47,5°N, 19°E) is located in the Carpathian Basin in the northern part of 
Hungary with an area of 525.2 km2. 1.76 million people have been living in the largest city 
of Hungary recently, but the population has decreased by 10% in the last 2 decades (Census 
of Hungary 2013). Budapest is surrounded by Pilis Mountainss and Szentendre Island in the 
north, Pesti Plain and Gödöllő Hills in the east, Csepel Island in the south and Tétény Uphill 
and Buda Hills in the west. The river Duna splits the city into two parts and creates the Óbuda 
Island, Margaret Island, Csepel Island. Buda Hills, the westernmost part of the study area 
contain steep hills (the highest point is 528 m), whilst on the east side of Duna River the relief 
is insignificant. The climate of Budapest is Cfb (Maritime temperate) and Dc (Temperate 
continental) according to Köppen and Trewartha (Köppen 1923, Peel et al. 2007) with a mean 
annual temperature and a precipitation of 11.3 °C and 533 mm, respectively. 
11 Local Climate Zones were distinguished on the basis of the land cover of Budapest, 
following the work of Stewart and Oke (2012). This technique is based on uniform geometric 
(sky view factor, aspect ratio, building surface fraction, impervious surface fraction, natural 
surface fraction, pervious surface fraction, height of roughness elements, terrain roughness 
class) and thermal/radiative/metabolic (surface admittance, surface albedo, anthropogenic 
heat output) properties of a local (few kilometer expanse) area. The LCZ technique employs 
three aspects during the classification process (built types, land cover types, variable land 
cover properties) creating 20 categories (see more in Stewart and Oke 2012). Budapest was 
classified into 11 LCZs (Table 1) of which the largest is the LCZ of large low-rise (25.9%). 
The historical city center and its narrow environment are dominated by commercial and 
residential buildings with continuous urban fabric (compact midrise, compact low-rise). 
Large low-rise, open midrise and open low-rise categories are located in the outer residential 
belt, where the vast majority of the population lives. The southeastern and the southwestern 
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part of the city includes meadows, arable lands and agricultural areas (low plants, bare soil). 
The largest continuous forests are placed in the Buda Hills (dense trees), and remarkable 
vegetation is found in the major parks of Budapest (scattered trees: Orczy-park, Népliget, 
Városliget). 
 
Fig. 1  Spatial distribution of the LCZs and the situation of the northwest-southeast and southwest-
northeast cross-sections (detailed in Chapter 3.3.) in Budapest. The markers denote those places that 
have been numbered in Fig. 4 and Fig. 5 
Table 1  Extension of the Local Climate Zones in Budapest 
LCZ LCZ name Percentage of area 
LCZ 2 compact midrise 1.1 
LCZ 3 compact low-rise 2.4 
LCZ 4 open midrise 5.6 
LCZ 5 open low-rise 19.7 
LCZ 8 large low-rise 25.9 
LCZ 9 sparsely built 6.3 
LCZ A dense trees 15.2 
LCZ B scattered trees 9.6 
LCZ D low plants 10.5 
LCZ F bare soil 1.1 
LCZ G water 2.9 
2.2. Description of the meteorological data and the Landsat 7 ETM+ satellite 
As a result of the USGS (United States Geology Survey) data policy, Landsat 7 data 
can be downloaded free of charge since 1 October, 2008. The images are geometrically and 
radiometrically corrected in order to take the geolocation and the systematic (sensor) errors 
into account. In order to represent the urban effect and the peak period of vegetation, two 
distinct dates were chosen (2 and 18 August 2014). On both days, high-pressure formation 
dominated the Carpathian Basin. The maximum of 2-m temperature exceeded 25 °C 
(2 August: 31.9 °C; 18 August: 25.4 °C) and no precipitation occurred. The low cloud 
fraction (0 octa during the observations) favored for high insolation, therefore strong SUHI 
could be formed. 
The Landsat satellites were constructed to satisfy various scientific interests in the 
field of agriculture, forestry, geology and meteorology. They have been operating since 1972, 
when the Landsat 1 was launched. Data acquisition of Landsat 7 has been started on 15 April 
1999 on-board with the ETM+ (Enhanced Thematic Mapper Plus) sensor. Landsat 7 is on 
sun-synchronous orbit (inclined 98.2°) and supplies a temporal resolution of 16 days. ETM+ 
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was originally developed for Landsat 6 and contains several improvements compared to the 
previous sensor (TM – Thematic Mapper; Landsat 4 and Landsat 5). This sensor possesses a 
new panchromatic band and a refined thermal infrared band with the spatial resolutions of 15 
m and 30 m respectively and it consists of eight bands altogether. The scan line corrector 
(SLC) of ETM+ malfunctioned on 31 May 2001 resulting data-free black strips at the edge 
of images and about 22% data-loss for each pass (Chandler et al. 2009). A large number of 
methods (Storey et al. 2005 Zhang et al. 2007, Zeng et al. 2013) were constructed in order to 
recover missing pixels (e.g. kriging local histogram comparison method, weighted linear 
regression method, triangulation method) based on statistical comparison of the existing and 
the absent values. 
2.3. Calculation of NDVI and LST 
First, every pixel from the downloaded images was converted from DN (digital 
number) to spectral radiance (Lλ) in order to receive measurable physical quantities Eqs. 1, 
2, 3. Before the calculation of spectral radiance, the theoretical maximum and minimum of 
digital numbers and spectral radiances have to be estimated with post-calibration creating the 









= λλ  (1) 
 minmin DNGLB ⋅−= λ  (2) 
 BDNGL −⋅=λ  (3) 
In order to determine the NDVI, the spectral radiance has to be converted into spectral 
reflectance (4) by employing the following equation for the red (0.631–0.692 µm) and the 












ρ  (4) 
The sun elevation angle (ϴs), the mean solar irradiance and the mean Sun-Earth 
distance (d) were obtained from metadata. The vegetation reacts separately for the different 
wavelength of electromagnetic radiation. The leaf pigments (chlorophyll) absorb the red (and 
the blue) portion of visible spectrum, while the near infrared part is reflected. It is worth 
noting that the phenological phase and the environmental conditions (heat and moisture 
stress) are primary factors in shaping the rate of reflection. In autumn, the leaves reflect less 
NIR (and more visible) radiation than in spring. Myriads of investigations (Jordan 1969, 
Rousse et al. 1974, Gitelson 2004) aimed to capture the step of reflection at the border of 
NIR and red spectrum of electromagnetic radiation. One of the most common index is NDVI, 








=  (5) 
The land surface emissivity (6) expresses the ability of thermal energy emission for a 
given material, thus this parameter is required to calculate the land surface temperature. Since 
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both the NDVI and the LSE are interpreted as a characteristic of land cover, the emissivity 
can be predicted with this vegetation index producing the so-called NDVI Threshold Method 
(hereinafter THM) (Sobrino et al. 2004). THM uses predetermined values of emissivity and 
NDVI for soil (εsλ=0.92, NDVIs=0.2) and vegetation (εvλ=0.99, NDVIv=0.5). To take the 

























ε  (6) 
The Pv term (7) is the fractional vegetation cover on mixed land cover areas (Carlson 

















P  (7) 
Sobrino et al. (2008) found that the THM underestimates the emissivity of water, 
snow, ice and rocks. To consider the limitation of method for water bodies, a new emissivity 
value (0.97) was set, when NDVI is less than -0.3. Besides the THM, the TES (Temperature 
emissivity separation; Gillespie et al., 1998) and the TISI (Temperature independent spectral 
indices; Becker and Li 1990) algorithms are also valuable tools to compute the LSE. Oltra-
Carrió et al. (2012) analyzed the land surface temperature pattern with different emissivity 
estimations for grass, bare soil and artificial surfaces and showed that the TES 
(RMSE=1.6 K) and the TISI (RMSE=1.7 K) performed better than the THM (RMSE=2.3 K). 
Nevertheless, the TES can only be used with at least four TIR image, and the TISI is designed 
with observations from daytime and nighttime, therefore the THM tends to be the most 
suitable method in our case. 
Several methods were designed to calculate LST temperature by using satellite 
observations such as the single-channel algorithm (Jiménez-Munoz and Sobrino 2003), the 
mono-window algorithm (Qin et al. 2001), the split-window algorithm (Qin and Karnieli 
1999) and the dual-angle method (Gu and Gillespie 2000). In this study, the single-channel 
algorithm (hereinafter SC) was applied, because this method does not employ such 
atmospheric parameters as water vapor content, effective mean temperature or at least 2 
thermal bands like the mono-window and split-window algorithms. Only three parameters 
(band average atmospheric transmission, effective bandpass downwelling and upwelling 
radiance) are required for SC, which are provided by the MODTRAN atmospheric correction 
parameter calculator (Barsi et al. 2003). The MODTRAN claims the date (in YMDM format) 
and the location (latitude, longitude) compulsorily, since the surface conditions (e.g. altitude, 
air temperature, pressure and relative humidity) may be given optionally. If the surface 
conditions are not available, the values are interpolated from the observations of NCEP 
(National Center for Environment Prediction). 
To derivate the surface temperature with SC, first, the brightness (or at-sensor) 
temperature (TB) can be computed by inverting the Planck’s Function: 
















TB  (8) 
where K1 (666.09 W m-2 sr-1 µm-1) and K2 (1282.71 K) are Landsat 7-specific calibration 
constants. In the next step, the MODTRAN outputs are used to determine ψ1, ψ2, ψ3 












L2  (10) 
































 BTL +⋅−= λγδ  (13) 
where c1 (1.19104 108 W µm4 m-2 sr-1) and c2 (1.43877 104 µm K) are constants and λ is the 
effective wavelength of Landsat 7 for band 6 (λ=11.27 µm) (NASA 2015). Finally, the 
equation of land surface temperature can be obtained: 







LTS  (14) 
3. RESULTS 
3.1. NDVI distribution patterns and quantitative results 
On the two distinct dates (2 and 18 August 2014), the NDVI distribution indicated a 
positive gradient from the downtown (0.1–0.3) to the suburb (0.4–0.6), where the compact 
built-up structure is replaced with detached houses, in addition, the presence of natural 
surfaces becomes dominant (Fig. 2). The inner districts (e.g. Terézváros, Józsefváros, 
Ferencváros, Lipótváros) are characterized by the lowest NDVI (around 0.1), while areas 
with higher elevation (e.g. Buda Hills) and larger forests showed greater values (around 0.6). 
Green spots in the inner city, with a typical NDVI value of 0.5, refer to the major parks (e.g. 
Népliget, Városliget, Orczy-park) and recreational areas of Budapest (e.g. Margaret Island, 
Gellért Hill). Transport junctions, logistic centers, industrial territories are responsible for the 
isolated low-valued points in the suburb. Despite the similarities between the two dates, the 
vegetation reached the peak of its phenologic phase and biological activity on 2 August, 
accordingly higher NDVI were calculated at this time. 
This assumption is confirmed by the NDVI values for the 11 LCZs, shown in Table 
2. On 2 August, the average NDVI was 0.44, which is 16% higher than on 18 August (0.37). 
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The land cover zone of compact midrise indicated the lowest NDVI values (0.15 and 0.02) 
due to the presence of dense and large buildings and high impervious surface fraction. On 
the other hand, the greatly vegetated areas such as dense trees (0.73 and 0.70) or scattered 
trees (0.61 and 0.58) presented the highest NDVI. Areas with high NDVI can be interpreted 
as the most homogeneous region of Budapest based on the standard deviation rates (e.g. dense 
trees 0.09 and 0.11). Contrarily, the transitional categories (e.g. open low-rise, large low-rise) 
displayed the most complex land features (standard deviations: 0.12 and 0.16 for open low-
rise; 0.18 and 0.23 for large low-rise) due to the mixture of medium-density residential and 
natural surfaces. 
 
Fig. 2  Spatial distribution of the Normalized Difference Vegetation Index in Budapest on 2 (a)  
and 18 (b) August 2014 
Table 2  Mean and standard deviation of NDVI in 11 Local Climate Zones of Budapest on 2 and 18 
August 2014 
LCZ name 02.08.2014. 18.08.2014. 
Mean Std. dev. Mean Std. dev. 
compact midrise 0.15 0.11 0.02 0.14 
compact low-rise 0.38 0.09 0.28 0.12 
open midrise 0.39 0.13 0.31 0.16 
open low-rise 0.47 0.12 0.39 0.16 
large low-rise 0.46 0.18 0.39 0.23 
sparsely built 0.55 0.12 0.50 0.16 
dense trees 0.73 0.09 0.70 0.11 
scattered trees 0.61 0.14 0.58 0.17 
low plants 0.54 0.13 0.51 0.17 
bare soil 0.48 0.20 0.40 0.25 
water 0.07 0.38 -0.11 0.49 
3.2. Distribution of land surface temperature 
The 30-m resolution of the thermal band enables to determine the spatial pattern and 
the magnitude of the LST distribution in Budapest. It is clearly seen in Fig. 3 that the diversity 
of surface geometry generates a 30 °C interval in LST temperature on 2 and 18 August as 
well. The historical city center suffers a significant heat surplus because of high building and 
impervious surface fraction. By increasing the natural surface fraction, the surface 
temperature decreases rapidly, therefore the lowest LST can be found in the woodlands of 
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Buda Hills and in the outer districts. The local parks act as oases with high LST gradient 
along their border creating an ideal venue for recreational and leisure activities. Islands of 
Budapest (e.g. Margaret Island, Csepel Island) are also designated as cold spots for the sake 
of higher natural surface fraction and the cooling effect of the River Danube. The higher 
LSTs occurred on 2 August, when the maximum of 2-m temperature was the greatest as 
stated in the Bulletin of Hungarian Meteorological Service (Table 2). By this time, the 
thermal contrast decreased between the different land cover categories. It is worth pointing 
out that the LST values remained lower during the pass time of satellite in the downtown. 
Partly, this effect may likely be explained by the shading effect of high buildings. On the 
other hand, the relatively lower sun elevation angle could not let the surface being heated-up 
as much as on the previous date. 
 
Fig. 3  Spatial distribution of the land surface temperature (LST; °C) in Budapest on 2 (a)  
and 18 (b) August 2014 
The quantitative results suggest that the highest LST was 50–60 °C provoking a vast 
thermal load for the LCZ of compact midrise (Table 3). Compact low-rise (40.8 °C and 
40.6 °C) and open midrise (40.0 °C and 38.6 °C) LCZs are also separated from the other 
groups due to their higher thermal exposure (Table 4). The substantially larger, but less 
populated classes like open low-rise (33.2 °C and 34.4 °C) and large low-rise (35.9 °C and 
33.4 °C) were less affected by the high LST. Decrease of the impervious surface fraction 
delays the run-off, enhances the evaporation, the heat capacity and the albedo, and hence 
contributes to a huge (surface) temperature alteration. As a result of these impacts, the LST 
was about 40 °C lower in dense trees category on 2 August compared to the compact midrise 
class. The cooling potential of the three vegetation-related LCZs (dense trees, scattered trees, 
low plants) attained 12 °C and 9.43 °C on both dates, in contrast with the other 7 categories 
(except for the water class). After all, it must be highlighted that the green areas and parks 
not only play a role in urban planning, but also reduce the LST. 
3.3. Cross-section diagrams of the land surface temperature 
The LST maps extended for the entire city (or the study area) do not always give back 
the topographical aspect of the thermal field, so cross-section diagrams have to be created to 
analyze the cold and hot spots in Budapest (Fig. 1). Actually, we tried to concentrate on the 
first date (2 August), when the SUHI proved to be the most pronounced. The cross-sections 
move along a 29 km (20 km) long line from northwest to southeast (from southwest to 
northeast) by hitting 8 (6) well-separated area of the city.  
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Starting from northwest (Fig. 4), Pesthidegkút consists of medium-density residential 
areas, and characterized by an LST of about 25 °C, then the relief is dominated by the greatly 
vegetated Buda Hills, where the surface temperature decreased further (23 °C). A significant 
increase occured in Törökvész (30 °C) and Országút (35.1 °C) due to the existence of high-
density residential and commercial areas. The maximum of LST together with the maximum 
of impervious and building surface fraction and the minimum of natural surface fraction 
produced a notable thermal load in the downtown (e.g. Lipótváros, Erzsébetváros). The 
equable course of LST dropped to up to 20–25 °C in the middle of the ‘downtown’ domain 
as a result of a large green space, called Szabadság Square. The same processes can be 
considered in Outer Ferencváros (e.g. Népliget Park at about 17.5 km), where housing estates, 
row housing, panel blocks and parks made the landscape diversified with approximately a 30 
°C variation in LST. The external parts of southeast Budapest (Kispest, Pestszentlőrinc) 
displayed a decreasing magnitude of the thermal field. 
 
Fig. 4  Cross-section diagram of the land surface temperature along the northwest-southeast direction 
(02.08.2014. 09:30:53 UTC). The numbers (from 1 to 8) refer to the location of each places marked in 
Fig. 1 
 
Fig. 5  Cross-section diagram of the land surface temperature along the southwest-northeast direction 
(02.08.2014. 09:30:53 UTC). The numbers (from 1 to 6) refer to the location of each places marked in 
Fig. 1 
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Similar to our previous case, an increasing trend is outlined along the southwest-
northeast axis to the end of Downtown (Fig. 5) (Budaörsi Airport: 32.2 °C, Kelenföld: 
33.5 °C, Szentimreváros: 37.9 °C, Downtown: 58.3 °C). The line, however, crosses cold 
spots such as the foreground of Sas Hill (at about 4.5 km) and Gellért Hill (at about 7000 m). 
Zugló consists of two major land cover zones: open midrise (housing estates, apartments, 
panel blocks) and open low-rise (family housing) resulting in a bimodal LST distribution. 
Rákospalota indicates a nearly constant value of LST, though the panel blocks (at about 
17,000 m) trap the heat intensely during the summer months and consequently contribute to 
a huge thermal load. Based on the results of the two cross-sections, it is evident that the most 
decisive factor in the governing of the thermal field is the natural surface fraction and the 
elevation in Budapest. 
4. CONCLUSIONS 
In this study, the relationship of land-use and land surface temperature was examined 
using fine-resolution Landsat 7 ETM+ images taken on 2 and 18 August 2014 in Budapest. 
It is well known that intense urbanization and anthropogenic activity (e.g. transportation, 
industry, heating/cooling) generate a special climate on the meso- and microscales. The 
vegetation attenuates this environmental influence by shading, as well as a higher albedo and 
evapotranspiration related to the artificial surfaces. The goal of this analysis was to quantify 
the impact of greenery on LST reduction and to explore the cold and hot spots in the 11 Local 
Climate Zones (Stewart and Oke 2012) of Budapest. The NDVI values indicated a positive 
gradient towards the external areas. On 2 and 18 August 2014, the lowest NDVI was found 
in the LCZ of compact midrise with 0.15 and 0.02, respectively, while the dense trees 
category showed the highest (0.61 and 0.70) values. Due to the less phenologic development 
of the vegetation on the later date, NDVI, on average, decreased by 15% between the two 
observations. In three LCZs (compact midrise: 63.5 °C and 38.2 °C; compact low-rise: 
40.8 °C and 40.6 °C; open midrise: 40.0 °C and 38.6 °C), the LST exceeded 40 °C at most 
times inducing a pronounced thermal field. Contrarily, the external areas (e.g. woodlands, 
meadows, agricultural parcels) and parks diminished the LST up to 25–35 °C. The results 
suggest that the thermal contrast between areas with different natural/building surface 
fraction became lower, when the meteorological conditions favoured a greater LST. Overall, 
it has to be noted that the LST alteration is primarily driven by the fraction of natural, 
impervious and building surfaces. Cross-section diagrams reveal that the magnitude of LST 
was higher in the Buda side in case of identical elevation as a result of the enhanced natural 
surface fraction. On the other hand, the territories on the Pest side have more complex surface 
structures, consequently the course of LST presents a large variety within a narrow region. 
Nevertheless, the importance of vegetation in LST reduction essentially depends on the 
season of the year, the period of the day and the location of the study area, thus our analysis 
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Summary: In the last five years more than 30 articles have been published in scientific journals and conferences 
focused on urban climate research in Novi Sad. These researches were led by members from the Climatology and 
Hydrology Research Centre at the Faculty of Sciences, University of Novi Sad (Republic of Serbia), together with 
demographers, architects, environmental researchers and experts from medicine and biostatistics. Novi Sad is a mid-
sized city in the northern part of the Republic of Serbia with a built-up area of 112 km2 and a population of 340,000 
(data from 2015). All results were published in 7 scientific journals, one PhD dissertation, a few books and presented 
in 12 conferences. Furthermore, all research activities in the last few years were covered by one international project 
(EU-funded IPA project) and one national project (funded by the Autonomous Province of Vojvodina). This paper 
presents all research and results of urban climate in the Novi Sad built-up area. Up to now, the results have been 
mostly focused on urban surface issues, definition of Local Climate Zones (LCZ) and adequate station cites, the 
analysis of urban heat island (UHI), outdoor human thermal comfort and the interaction of urban climate and 
urbanization and mortality. 
Key words: urban climate, Local Climate Zones, urban heat island, outdoor thermal comfort, urbanization, 
mortality, Novi Sad, Serbia 
1. INTRODUCTION 
Urban environments are becoming increasingly important and relevant to study since 
most of the world's population now inhabits towns and cities (UN 2009, Grimmond et al. 
2010), and as such, the proportion of the world's land and water surface covered by built-up 
environment is constantly expanding. Therefore it is essential to better understand 
atmospheric processes and impacts in urban areas and how they will be affected by climate 
change (Muller et al. 2013). 
In Central Europe (where Novi Sad is situated), climate change is expected to increase 
the frequency, duration and intensity of heat waves (IPCC 2012, Pongrácz et al. 2013), along 
with the thermal stress experienced by people (Tomlinson et al. 2011). With reduced 
nocturnal cooling, the climate of cities is expected to make these already adverse projections 
worse, as elevated heat loads are linked to higher morbidity and mortality rates (Petralli et al. 
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2012). Thus, monitoring the spatial and temporal patterns of the elevated urban temperature 
is an important task that can help both in the mitigation of and in the adaptation to the altered 
circumstances of the future (Lelovics et al. 2016).  
Therefore, in the last five years urban climate research was expanded, mostly led by 
the members from the Climatology and Hydrology Research Centre at the Faculty of 
Sciences, University of Novi Sad (Republic of Serbia). Up to now 38 references have been 
published in scientific journals and conferences, focused on urban climate issues in Novi Sad. 
11 papers have been published in 7 journals (such as Building and Environment, Advances 
in Meteorology, International Journal of Biometeorology, Időjárás) and 22 abstracts and 
extended abstracts have been presented on 12 different conferences (such as ICUC9 – 9th 
International Conference on Urban Climate, Fifth EUGEO Congress on the Geography of 
Europe, European Population Conference 2014, IGU regional conference – Changes, 
Challenges, Responsibility). Within the urban climate research group in Novi Sad, one PhD 
dissertation has been defended related with the impact of air temperature on the seasonal 
variation of human mortality in Novi Sad (Arsenović 2014) and one PhD dissertation is in 
preparation related with the temporal and spatial analysis of outdoor human thermal comfort 
in different LCZs of Novi Sad. From 2012 to 2014, two projects related with urban climate 
issues were conducted. The first one was an EU-funded project in the frames of the IPA 
Hungary-Serbia programme (project title: Evaluation and public display of URBAN 
PATterns of Human thermal conditions) and the second one was a regional project funded 
by the Autonomous Province of Vojvodina (project title: Analysis of urban climate in Novi 
Sad and its impact on the thermal comfort of urban population). The published papers have 
been focused on urban surface characteristics, delineations of LCZs and definition of 
representative station sites (Popov 1994, 1995, Popov and Savić 2010, Unger et al. 2011a, 
2011b, Savić et al. 2012b, Savić et al. 2013a, Savić et al. 2013b, Savić, et al. 2013c, Savić et 
al. 2014a, Savić et al. 2014b, Unger et al. 2014, Jovanović et al. 2015, Unger et al. 2015a, 
Savić 2015, Šećerov et al. 2015a, Šećerov et al. 2015b), analysis of UHI and outdoor human 
thermal comfort (Lazić et al. 2006, Savić et al. 2012a, Marković et al. 2013, Marković et al. 
2014a, Marković et al. 2014b, Milošević et al. 2015a, Skarbit et al. 2015, Savić et al. 2015; 
Marković 2015, Milošević et al. 2015b, Milošević et al. 2015c, Bajšanski et al. 2015, Basarin 
et al. 2016, Lelovics et al. 2016) and interaction of urban climate and urbanization, human 
mortality, tourism attractiveness (Stankov et al. 2013, Stankov et al. 2014, Arsenović 2014, 
Arsenović et al. 2014a, Arsenović et al. 2014b, Arsenović and Đurđev 2015, Savić et al. 
2015, Bajšanski et al. 2015). 
The main goal of this study is to present the results of all published journal papers, 
conference presentations and other publications related with the urban climate research of 
Novi Sad city and represent and propose some activities and investigations in the future 
according to the urban climate issues. 
2. INVESTIGATED AREA 
Novi Sad is a mid-sized city in the northern part of the Republic of Serbia (Fig. 1), 
located on a plain between 80 and 86 m a.s.l. Hence, the climate is generally free of 
orographic effects. Based on a population of 340,000 (data from 2015), Novi Sad is the 
second largest metropolitan region in Serbia with a built-up area of 112 km2. The Danube 
River passes through the southern and eastern edges of the urban area; its width varies from 
Urban climate issues in complex urbanized environments: A review of the literature for Novi Sad (Serbia) 
65 
260 to 680 meters. The relatively narrow Danube-Tisza-Danube Canal passes through the 
northern part of the city. The northern slopes of the Fruška Gora Mountains (which have a 
maximum peak of 538 m a.s.l.) are located south of the Novi Sad urban area (Unger at al. 
2011). 
The Novi Sad region has a Cfb climate (temperate climate, fully humid, and warm 
summers, with at least four Tmon ≥ +10 °C) according to the Köppen-Geiger climate 
classification (Kottek et al. 2006). The mean monthly air temperature ranges from -0.4 ºC in 
January to 21.7 ºC in July. The mean annual precipitation is 598 mm (based on data registered 
from 1949 to 2013). 
 
Fig. 1  Investigated built-up area of Novi Sad; its location in the Republic of Serbia and Europe 
3. URBAN SURFACE ANALYSIS AND CLIMATE MONITORING NETWORK 
DEVELOPMENT 
3.1. Local Climate Zones definitions 
LCZ presents a comprehensive climate-based classification of urban and rural areas 
for temperature studies. This kind of analysis can contribute to the standardization of surface 
descriptions, the intercity comparison of UHI magnitude, the clear communication of station 
site metadata and the interdisciplinary transfer of urban climate knowledge (Stewart and Oke 
2012). Therefore, the first papers of urban climate research in Novi Sad were focused on 
instead LCZ: urban built type definitions. The first definition and delineation of urban built 
types were made by Popov (1995) and Popov and Savić (2010). The eight urban built types 
(Fig. 2a) are defined based on various urban surface elements i.e. surface roughness, street 
width, sky view factor (SVF) and built-up ratio. The results showed that the coefficient of 
roughness of the terrain varies from about 0.4 m on the outskirts of the city, where about  
20–30% of the surface is under family houses, to about 2.5 m in the center of the city, where 
60–70% of the surface is under the high buildings. SVF decreases from about 0.9 at the 
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suburban settlement to about 0.35 in some narrow streets in the downtown. Further steps in 
LCZ definition were made in 2011 based on Stewart and Oke’s (2010) classification system. 
Novi Sad was one of the first cities where this new LCZ classification method was applied. 
The urban area of Novi Sad (60 km2) was established as a grid network of 240 cells (0.5 km 
× 0.5 km). A Landsat satellite image (from June 26, 2006) was used in order to evaluate 
Normalized Difference Vegetation Index (NDVI) and built-up ratio by cells. The built-up 
ratio ranged from near 0% (the River Danube) to over 90% (densely built-up centre). Large 
density was found in the central part and in eastern areas, near the Danube. Furthermore, 
built-up maxima were located in the western, northern, northeastern and eastern urban areas 
(Figure 7). Further analysis based on guidance given by Stewart and Oke (2010), information 
extracted from Google Maps and the authors' local knowledge of the study area have been 
used to define 7 LCZ classes (Fig. 2b) (Unger et al. 2011a, 2011b).  
Table 1  Names and designation of the LCZ types (after Stewart and Oke 2012) 
Built types Land cover types Variable land cover properties 
LCZ 1 – compact high-rise 
LCZ 2 – compact midrise 
LCZ 3 – compact low-rise 
LCZ 4 – open high-rise 
LCZ 5 – open midrise 
LCZ 6 – open low-rise 
LCZ 7 – lightweight low-rise 
LCZ 8 – large low-rise 
LCZ 9 – sparsely built 
LCZ 10 – heavy industry 
LCZ A – dense trees 
LCZ B – scattered trees 
LCZ C – bush, scrub 
LCZ D – low plants 
LCZ E – bare rock / paved 
LCZ F – bare soil / sand 
LCZ G – water 
b – bare trees 
s – snow cover 
d – dry ground 
w – wet ground 
 
Table 2  Spatial characteristics of LCZ built types and distribution of stations in each LCZs (Šećerov 
et al. 2015b) 
LCZ types Number of patches LCZ proportion in % Number of stations 
2 6 9.6 3 
3 5 5.2 2 
5 8 15.1 6 
6 19 42.3 9 
8 6 10.1 1 
9 5 13.0 3 
10 4 4.7 1 
A  1 
D  1 
 
According to the spatial distribution, the most dominant classes are open low-rise, 
open midrise and large low-rise. Within the framework of the URBAN-PATH project, during 
2013 and 2014 a new spatial distribution of LCZs in urban area of Novi Sad based on Stewart 
and Oke’s (2012) classification (Table 1) was created. In this research a new method based 
on the automated Geographic Information System (GIS) method developed by Lelovics et 
al. (2014) (Fig. 3) was used. The study area was divided into 47,000 lot area polygons (Gál 
and Unger 2009) consisting of a building and the area of influence around it as basic areas in 
the calculation of surface parameters necessary to characterize the LCZ types. The first step 
in the analysis was the LCZ classification in each lot area polygon. In order to obtain LCZ 
areas with appropriate size, they were aggregated and merged according to their LCZ 
category and their location relative to each other. The aggregation procedure was carried out 
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according to the recommendations of Stewart and Oke (2012) and Lelovics et al. (2014). 
Final results indicated the existence of 7 LCZ built classes within the city, named as: LCZ 2 
– compact midrise, LCZ 3 – compact low-rise, LCZ 5 – open midrise, LCZ 6 – open low-
rise, LCZ 8 – large low-rise, LCZ 9 – sparsely built and LCZ 10 – heavy industry. The types 
and areal distribution of these zones within the urban area of Novi Sad is supplemented by 2 
land cover types (A – dense trees, D – low plants) (Fig. 4, Table 2) (Savić et al. 2013a, Savić 
et al. 2013b, Savić et al. 2014a, Savić et al. 2014b, Unger et al. 2014, Milošević et al. 2015a, 
Šećerov et al. 2015b). 
 
Fig. 2  Spatial distribution of urban built types a) Popov and Savić 2010 and LCZs b) Unger et al. 
2011a in Novi Sad urban area 
 
Fig. 3  Process of identifying and delineating LCZs and selecting the representative station sites for 
urban monitoring network in Novi Sad, Serbia (based on Lelovics et al. 2014). Note: NDVI – 
Normalized Difference Vegetation Index, BSF – Building Surface Fraction, PSF – Pervious Surface 
Fraction, ISF – Impervious Surface Fraction 
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Fig. 4  The obtained LCZ classes and station locations of the urban monitoring network in Novi Sad 
(Serbia). Note (Station labels): first character – LCZ type; second character – station number in the 
given LCZ type (Unger et al. 2014, Šećerov et al. 2015b) 
3.2. Urban station network development 
The spatial and temporal variability of climate across whole cities or regions cannot 
be represented by individual monitoring stations while the precise allocation of any 
equipment is difficult (WMO 2006). Thus, the only appropriate way to monitor urban 
environments, such as the Novi Sad urban area, is with a dense sensor network. This kind of 
network maximizes the understanding of the urban environment, as well as any changes that 
are occurring and the likely impacts (Muller et al. 2013). 
During 2010 and 2011 proposals have been published for an urban monitoring 
network containing 9–10 stations across the urban area (Popov 1995, Popov and Savić 2010, 
Unger et al. 2011a, 2011b) based on urban surface analysis and LCZs delineation. According 
to further publications (Savić et al. 2013a, 2013b, Unger et al. 2014, Lelovics et al. 2014) an 
urban monitoring network was developed in Novi Sad, financed by the EU-funded URBAN-
PATH project. In order to have a representative urban monitoring network the locations of 
all stations were based on few criteria (Oke 2004, Lelovics et al. 2014): a) the sites had to be 
surrounded by at least 250 m wide homogeneous LCZ areas, and the number of stations per 
each LCZ had to be approximately proportional to the areas of different LCZs; b) the site’s 
representativeness in terms of its microenvironment, i.e. the selected site had to be typical to 
the LCZ where the station was located; c) the sites had to be located near the areas where 
high and low temperature surpluses occurred, as well as near local maxima and around spatial 
temperature stretches, as indicated by the modelled temperature pattern; d) the site’s 
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suitability for instrument mounting (for instance: safety, constant electricity supply, stability 
of lamppost); according to Stewart and Oke’s (2012) classification (Table 2 in Lelovics et al. 
2016). 
The urban monitoring network in Novi Sad 
consists of 27 stations. 25 stations are located in the 
urban area and 2 stations are located in the land cover 
D and A classes and they represent general climate 
conditions in the non-urbanised areas (Fig. 4). The 
distribution of stations per LCZs is shown in Table 2. 
Stations are installed at least 4 m above the 
ground (with exceptions ±0.2 m) on arms fixed to 
selected lampposts (Fig. 5) and equipped with air 
temperature (±0.3 ºC accuracy) and humidity (RH 
accuracy: ±2% at 20–80%) sensors covered with 
radiation protection screens with dimensions of 
200 × 240 mm. All stations have power supply through 
the city lights system. The stations measure the 
parameters every minute and send the readings related 
to air temperature, relative humidity, battery voltage, 
status values and other technical information to the 
main server (installed at University of Novi Sad, 
Faculty of Science) at 10-minute intervals. The system 
time of the stations is in UTC (Unger et al. 2014, 
Šećerov et al. 2015b). 
3.3. Monitoring and public display system 
It is very important to implement the method of data representation and 
communication between stations and servers, working with data stored in database and the 
real-time public availability of the data (Šećerov et al. 2015b) in order to adequately use the 
temperature and relative humidity values from stations. 
In order to receive and store data into the database server and monitor system 
behaviour, the Urban Path System tool (UP-SYS_tool) was built. Further climate studies, and 
work with gathered data can be done using URBAN-PATH Portal. Data uploaded to the 
primary server are being processed by the UP-SYS_tool. All data are processed whether they 
contain climatological measurement or debug data with statistics about station work. Error 
detection and notification is performed through the entire UP-SYS_tool work. As a final 
result of the UP-SYS_tool work, data are stored into the database server. Using defined 
periods, UP-SYS_tool starts the archiving process to relocate and compress processed files 
to archive location. After that they can be used, if needed, for recovery. URBAN-PATH 
Portal is an application built to support all demands related with urban climate studies and 
for analyzing the entire systems' work. It can be used for two purposes: a) to get data from 
the database in the desired format and b) to monitor current system status.  
The latest inserted data for each station (stations monitor) are shown together with 
their 'age'. If the last inserted data are older than the defined thresholds, the line containing it 
is coloured with a different warning colour. Next to the stations monitor is the missing 
measurements monitor, used to provide adequate information about the number of missing 
data per station (Fig. 6). Although the system is built to handle different levels of problems 
 
Fig. 5  Example of monitoring 
network station in Novi Sad 
(Serbia) mounted on a lamppost 
(Šećerov et al. 2015b) 
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whether they are hardware or software or related to connection problems, the final result is 
the data not being stored into the database server. The UP-SYS_tool periodically checks the 
database for missing data and stores results into a separate database, which is used for missing 
measurements monitor (Šećerov et al. 2015b). 
The visualization of the measured values from the urban climate monitoring network 
in Novi Sad is provided by an automatic data procession system. This system was developed 
and installed at the Department of Climatology and Landscape Ecology of the University of 
Szeged. Every 10 minutes, the data from the monitoring network, stored into the main server 
at the Faculty of Science, University of Novi Sad, is transmitted to the main server at the 
University of Szeged and the automatic data procession system creates two final (site and 
spatial) databases in order to present these data as charts and maps on the public homepage 
of the URBAN-PATH project (http://en.urban-path.hu/monitoring-system.html). All of the 
measured and calculated values can be accessed in a way that the time of the maps and charts 
can be defined by the visitors. Additionally, public display is installed at a frequently visited 
place, i.e. in the main building of the University of Novi Sad (Savić and Unger 2014, Unger 
et al. 2015b). 
 
Fig. 6  URBAN-PATH Portal main page with data monitoring and database selection tool  
(Šećerov et al. 2015b) 
4. URBAN HEAT ISLAND TEMPERATURE PATTERN AND OUTDOOR THERMAL 
COMFORT RESEARCH 
4.1. Urban heat island analysis 
Urban heat island occurs in almost all urban areas, large or small, in warm or cold 
climates. The traditionally described heat island is measured at standard screen height (1–
2 m above ground), below the city's mean roof height in a thin section of the boundary layer 
atmosphere called the urban canopy layer. Air in this layer is typically warmer than that at 
screen height in the countryside. The main causes of the heat island are related to structural 
and land cover differences of urban and rural areas (Stewart and Oke 2012). 
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The results from the Novi Sad urban area show that the built-up ratio has a significant 
influence on the spatial pattern of the annual mean UHI intensity, i.e. the ∆T values follow 
the change in the built-up values (Fig. 7). The main feature of this pattern in the central study 
area is that the isotherms show concentric-like shapes with values increasing from the 
suburbs towards the inner urban areas with the highest ∆T (>4 °C) in the densely built-up 
centre. Deviations from this concentric-like shape occur in the western, northern and 
northeastern parts where the isotherm of 2 °C stretches towards the outskirts. Furthermore, 
three island-like local maxima appear in the northern, northeastern and eastern parts of the 
study area with values over 3 °C, 2.5 °C and 2 °C, respectively. The largest area with very 
low ∆T values, due to the influence of the River Danube, can be found in the southeastern 
part of the study area (Unger et al. 2011a, 2011b). The applied method for the determination 
of the suspected spatial structure of the mean annual UHI intensity in Novi Sad is based on 
the study of Balázs et al. (2009). The main advantage of this regression method was to predict 
the spatial distribution of the annual mean UHI using just a few input parameters which can 
be determined in a simple way (remote sensing) without having detailed local information 
about the city. For the evaluation of the model estimation a comparison has been made using 
the datasets of the Rimski Šančevi (rural) and Petrovaradin (urban) stations (1956–1992). 
Since there were no night-time measurements, the daily minimum temperature data was used 
for the comparison. The differences (∆Tmin) of the measured daily minimum temperature 
were calculated for each day and the average of these differences can be considered as an 
approximate value of the annual mean UHI intensity. Finally, the ∆T value of Petrovaradin 
calculated by the statistical model is 1.66 °C and the measured (∆Tmin) is 1.8 °C. This 
insignificant difference proves that the accuracy of the model estimation meets the 
requirements of the aim of the study (Unger et al. 2011a). 
The first intra-urban and inter-
urban comparisons from Novi Sad 
(Serbia) and Szeged (Hungary), based 
on daily minimum and maximum 
temperature values were made by 
Lelovics et al. (2016). The research 
period was three summer months 
(June, July and August) in 2014, i.e. 
during two time periods with 
prevailing anticyclonic conditions 
with 72 (July 3 to 5) and 48 (July 19 
to 20) hours in length, respectively. In 
Novi Sad, the temperatures were 
slightly higher, but the classes differ 
less compared to Szeged. The greatest 
temperature surpluses occurred in 
LCZ 2 and LCZ 6 (between 5–7 °C), 
while LCZ 5, LCZ 3 and LCZ 8 
remained somewhat cooler. The cycles of LCZ A and LCZ D were similar. The temperature 
difference between the two types remained within the ±3 °C interval, with the largest values 
occurring around 0 UTC (Fig. 8). According to Fig. 9 for the most time, the UHI intensity 
remained positive with highest values at night, while negative values occurred predominantly 
during the day (urban cool island). The dividing line between these two periods was around 
 
Fig. 7  Spatial distribution of the built-up ratio (B) and 
the modelled annual mean UHI intensity (°C) in the 
study area of Novi Sad (Unger et al. 2011a) 
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6 UTC and 12 UTC in both cities. The range of UHI intensity was between -1.48 °C and  
5.22 °C in Szeged, and between -3.70 °C and 6.85 °C in Novi Sad. Urban cool islands 
occurred in both cities during the day. It was typically around -1 °C in Szeged and -2 °C in 
Novi Sad (Lelovics et al. 2016). 
 
Fig. 8  Absolute and relative (difference from LCZ D) temperature variations at selected sites in 
Szeged (a, b) and Novi Sad (c, d) (3 to 5 July 2014) (Lelovics et al. 2016) 
 
Fig. 9  Average temperature differences (°C) between LCZ 2 and LCZ D (a) in Szeged and (b) Novi 
Sad in summer 2014 (thin isotherms – integer °C, thick isotherms – 0 and 5 °C) (Lelovics et al. 2016) 
4.2. Outdoor thermal comfort outcomes 
People living in urban areas experience various kinds of thermal stress during the year. 
Extreme weather events, e.g. heat waves and cold spells, are especially stressful. With the 
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conditions in urban areas. These are important input data for architects and urban planners in 
order to create comfortable urban areas for their residents (Milošević et al. 2015a). 
 
Fig. 10  Mean hourly PET differences between selected LCZs and LCZ D (∆PETLCZx-D) in Novi Sad 
during the tropical day (13th August 2014) (Milošević et al. 2015b) 
 
Fig. 11  Diurnal variation of human bioclimatic characteristics expressed via PET index in selected 
LCZs in Novi Sad on icy day (31st December 2014) (Milošević et al. 2015b) 
S Savić, D Milošević, D Arsenović, V Marković, I Bajšanski and I Šećerov 
74 
The first analysis related with 
outdoor thermal comfort conditions in 
different LCZs of the Novi Sad and its 
surroundings was based on the 
calculated Physiologically Equivalent 
Temperature (PET) values for 13th 
August (the hottest day in 2014) and 
31st December (the coldest day in 
2014). Comparing hourly PET values 
in each selected LCZ with hourly PET 
values in LCZ D (low plants), all 
LCZs, in general, had higher PET 
values compared to LCZ D during late 
afternoon and nocturnal hours. 
Maximum PET difference was 
10.2 °C between LCZ 2 and LCZ D at 
23 UTC. This suggests that urban 
areas are substantially more 
uncomfortable during the night 
compared to the low plant (rural) 
areas in the vicinity of the city. In the 
early morning hours (7–8 UTC) all 
LCZs had smaller heat loads 
compared to LCZ D and this 
continued until the midday hours for 
all LCZs except LCZ 3 and LCZ 5. 
LCZ D had higher heat loads (up to 
8.8 °C) during the majority of the day 
when compared with LCZ A (dense 
trees) (Fig. 10). On the coldest day, 
urban LCZs were warmer compared 
to the LCZ D during most of the day 
with smaller diurnal temperature 
ranges. Maximum PET difference 
(9.6 °C) occurred between LCZ 2 and 
LCZ D in the period 5–6 UTC. Only 
in the period 11–13 UTC did the 
majority of the urban LCZs have 
lower PET compared to the LCZ D 
(Fig. 11). Intra-urban analysis for an 
icy day showed that the smallest 
difference in average daily PET 
occurred between similar LCZs and the largest difference between urban and non-urban 
LCZs (Milošević et al. 2015a). 
In order to quantify relative differences in diurnal thermal comfort conditions during 
heat wave period (from 5th to 8th July 2014), the average hourly PET in each selected LCZ 
was compared with average hourly PET values in LCZ D. Fig. 10 shows that all LCZs (except 
 
Fig. 12  The average UTCI values for 7th July 2014 at 
all predetermined body locations at: a) the northern 
footway, b) the middle of the street, and c) the 
southern footway (Bajšanski et al. 2015) 
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LCZ A – dense trees) had higher PET values compared to LCZ D (low plants) from 17 UTC 
to 5 UTC. Maximum PET difference of 7.1 °C is noticed between LCZ 2 (compact midrise) 
and LCZ D (low plants) at 0 UTC. Contrary to this, LCZ D (low plants) had higher PET 
values compared to the majority of LCZs in the period 7–16 UTC with maximum difference 
of 8.5 °C compared to LCZ A (dense trees) at 9 UTC (Milošević et al. 2015b).  
Built urban environment creates a 
climate that influences outdoor thermal 
comfort conditions and this is a well-
established fact (Bajšanski et al. 2015). 
Therefore, during 2015 the first common 
research of urban climatologists and 
architects was carried out in order to create 
new possibilities for the evaluation and 
improvement of outdoor human thermal 
comfort in built urban environments using 
different software packages and parametric 
approach. Algorithms were developed and 
applied for the evaluation and improvement 
of non-stationary outdoor thermal comfort 
conditions and one street and one station 
from a compact midrise built-up area (LCZ 
2) was used as database. The evaluation of 
thermal comfort in urban designs of linear 
street showed that periods with very strong 
heat stress have decreased on s hot summer 
day by up to 9.8% (Fig. 12). In contrast, the 
greatest thermal stress in winter (strong cold 
stress) increased by up to 3.5%. Universal 
Thermal Climate Index (UTCI) values 
decreased by up to 6.1 °C at 10 UTC when 
comparing past and future urban designs on 
hot summer day. On a cold winter day, the 
greatest UTCI decrease of 3.2 °C was 
observed at 11 UTC. Maximum UTCI 
changes were detected in shadowed body 
locations. The improvement of outdoor 
thermal comfort between future planned and 
proposed urban design of linear street is a 
consequence of up to 2.9 °C UTCI decrease 
on summer day and up to 1.7 °C UTCI 
increase on winter day. The UTCI decrease 
in non-linear streets between future planned 
and proposed urban designs was up to 3.9 °C on summer day and increase was up to 1.1 °C 
on winter day (Fig. 13). The developed automatic algorithms showed to be suitable for 
evaluating and improving the outdoor thermal comfort sensation in any built urban 
environment with appropriate weather data (Bajšanski et al. 2015, Savić et al. 2015). 
 
Fig. 13  The buildings heights arrangement of 
the non-linear streets: a) future planned urban 
design, b) proposed urban design in summer 
and c) proposed urban design in winter 
(Bajšanski et al. 2015) 
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5. AIR TEMPERATURE AND MORTALITY IN URBAN AREA 
Strong evidence exists that seasonal variations of mortality are caused by different 
physiological parameters, e.g. haemostatic factors, blood pressure, as well as malnutrition 
(Stout and Craword 1991, Woodhouse et al. 1993). Several research articles suggested that 
these changes are consequences of the seasonal variation of temperature (Rose 1966, 
Kalkstein and Greene 1997). Strong relation between mortality and temperature was found 
during heat wave occurrences (Arsenović et al. 2014a). Therefore, in 2011 the urban climate 
research group from Novi Sad started with first analysis related with the seasonal variation 
of mortality caused by air temperature pattern in urban area. The first published papers 
(Đurđev et al. 2012, Arsenović et al. 2012) focused on air temperature and crude death rate 
(CDR) in the Belgrade urban area for the period 1988–2008. 
   
 
Fig. 14  Trends of crude death rate (CDR) in winter and non-winter periods (preceding and following 
period) (Arsenović et al. 2014a, Arsenović and Đurđev 2015) 
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The first results for Novi Sad are presented in the papers of Arsenović (2014) and 
Arsenović et al. (2014a, 2014b) and Arsenović and Đurđev (2015). Winter mortality in Novi 
Sad in the period from 1953/54 until 2008/09 was about 15% higher than in the preceding 
and following period and the results of regression analysis indicated that crude death rate and 
temperature are negatively associated; the decrease of average temperature is followed with 
an increase of crude death rate. During the last observed period, results show lower statistical 
significance in regression (Fig. 14).  The results of Healy for the period 1988–1997 show that 
winter mortality in region EU 14 is about 16% higher than in non-winter period. The 
population in Novi Sad is more sensitive during the colder period of the year and the seasonal 
pattern of mortality has changed during the observed period. During the analysis it was 
noticed that in January, May, June, July and August, the average temperature has been 
increasing. Such trend of average temperature may alter balance between mortality in the 
winter and non-winter period. In regions with temperate climate, such as Novi Sad, even 
small changes of temperature could influence the seasonal fluctuations of mortality during 
year. Similar results for Belgrade also show that during the second half of the 20th century 
and the first decade of the 21st century, the population is less sensitive to cold periods (Đurđev 
et al. 2012). 
6. CONCLUSIONS 
According to the analysis of the reviewed papers in the last five years a substantial 
contribution has been made to urban climate research in Serbia, i.e. in the Novi Sad urban 
area, which is the second largest city in the country. In order to provide detailed research of 
morphologically heterogeneous urban environments it is necessary to implement 
multidisciplinary and interdisciplinary approaches. 
Up to now the urban climate research group from Novi Sad was focused on LCZ 
classifications and development of urban climate network in order to analyze in fine detail 
UHI and outdoor human thermal comfort patterns in Novi Sad. Outcomes from these urban 
climate researches should play an important role in urbanization, demography and health 
issues. Therefore, this kind of common research can contribute to the understanding of 
weather and climate interactions and impacts in urban areas. 
Further research will be focused on the improvements of the urban surface 
classifications. The members of the Novi Sad research group are a part of the WUDAPT 
(World Urban Database and Access Portal Tools) group (http://www.wudapt.org). The main 
activities through the WUDAPT group are to create LCZ maps of important cities in South-
East Europe using a new approach of LCZ mapping. Outdoor human thermal comfort is 
connected with the quality of life in urban areas, urbanization and mortality of the population. 
Therefore, spreading activities related with these issues is an important task. Our urban 
climate research group joined the Working Group on Protocols for the Assessment and 
Reporting of Outdoor Thermal Comfort that is initiated by Professor Rohinton Emmanuel. 
Today, increased energy consumption is a huge problem in urban areas, mostly during 
the extreme temperature events (heat and cold waves). Research from Savić et al. (2014c) 
showed that extreme air temperature spells impact electrical energy consumption, not only 
in large-sized cities, but also in small-sized too. Therefore, correlation of air temperature and 
energy consumption in the Novi Sad urban area will be one of the research goals in further 
years. 
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Urban climate survey can provide detailed spatial and temporal data and outcomes of 
temperature and thermal comfort patterns in order to help local authorities in urban planning 
strategies and to counterattack the adverse effect of urban climate and climate change. 
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Summary: As climate change becomes a more and more pressing issue, the role of forests as carbon sinks will 
increase further. Carbon sequestration models can be a useful tool in planning future management strategies, but 
only if they are properly calibrated for the ecosystem in question. In our study we used data from the literature and 
other publicly available data for the parameterisation of the CO2Fix model and compared the model results to 
reference estimations based on data from a field survey carried out in autumn 2015 in some beech and hornbeam-
dominated stands of Haragistya-Lófej forest reserve (Aggtelek Karst). Due to the less favourable site conditions, 
effects of earlier management and the relatively young age of the stands the carbon content of the biomass was found 
to be somewhat lower than in other beech forests. We also examined the effect of using different mortality settings 
on the results. The model with ‘no mortality’ settings was found to give the best results, however the performance 
was species-dependent. The model tends to underestimate the carbon content of the biomass for beech-dominated 
plots, but the higher the proportion of hornbeam, the higher the chance that the model overestimates the carbon 
content. 
Key words: carbon sequestration, CO2Fix, near-natural forest, forest reserve, Fagus sylvatica 
1. INTRODUCTION  
Climate change, as one of the most important contemporary environmental issues, 
draws attention to the global climate regulation ecosystem service of the natural vegetation, 
in which forests play an outstanding role. In the process of photosynthesis carbon dioxide is 
fixed in different compartments of living biomass (stems, branches, foliage and roots) and in 
the soil. After timber harvesting and industrial processing, the carbon content of wood may 
be stored further in wood products with different life spans. In the end, it returns to the 
atmosphere as a result of turnover or logging. Earlier it was generally thought that ageing 
forests should be at best considered carbon-neutral (Odum 1969). This was based (among 
others) on the assumption that the growth trends of individual trees and even-aged 
monospecific stands can be directly extended to natural forests. However, it was found that 
growth and carbon acquisition in old natural forests cannot be extrapolated from the 
productivity of even-aged stands (Carey et al. 2001, Harmon 2001). Recently, research on 
the effects of forest management intensity has shown that forest management and 
disturbances affect forest soils and biomass carbon stocks and emissions to the atmosphere 
(Luyssaert et al. 2011). Harvesting frequency and structural retention significantly affect 
mean carbon storage, and the mean carbon sequestration is significantly greater for non-
managed stands compared to any of the active management scenarios (Nunery and Keeton 
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2010). Of the harvest treatments, those favouring high levels of structural retention and 
decreased harvesting frequency have been shown to store the greatest amounts of carbon 
(Neilson et al. 2006; Taylor et al. 2008; Nunery and Keeton 2010). Greater harvest intensity 
results in less carbon storage, and the carbon in wood products does not make up for harvest 
losses (Nunery and Keeton 2010, Fischer 2013). Carbon sequestration models, particularly 
those including a wider context (e.g. wood products, avoided emission, carbon accounting 
schemes) provide an opportunity for decision-makers to consider the effects of a management 
decision on the ecosystem services of a forest in a more complex manner. However in order 
to be used that way, the models must be sound concerning the function and the natural carbon 
fluxes of the particular ecosystem in question. Empirical data needed for model calibration 
are generally scarce and poorly representative across forest biomes (Keith et al. 2010) 
therefore some of the complexity needs to be traded for more general usability. However, too 
much simplification may lead to the underestimation of the carbon sequestration capacity of 
near-natural forests, which in turn could lead to erroneous management decisions.  
One aim of the present study is to test the performance of the biomass module of the 
relatively simple, widely used CO2Fix model (Masera et al. 2003) against stand-level 
empirical data from a forest reserve (unmanaged for the last 20 years) using the literature and 
widely accessible data for model parameterisation. When using CO2Fix in a previous study 
we found that mortality rates (not including management mortality) strongly affected the 
model results (Kiss et al. 2011). It is known that mortality rates in a stand are not constant 
over time, they are highly stochastic and the most probable cause of death differs according 
to the size and role of a tree (Holzwarth et al. 2013, Tanács and Barta 2014). Mortality is 
often higher in young stands, followed by a phase of relatively lower rates and then it 
increases again in old age (e.g. Holzwarth et al. 2013). Major disturbances (due e.g. to climate 
events like a major thunderstorm or a lasting heat wave) can locally additionally modify the 
mortality rate. We used three different approaches in order to find out how best to include 
mortality in the model. 
2. MATERIALS AND METHODS 
2.1. Study area 
Haragistya-Lófej Forest Reserve is situated in the north-western corner of Aggtelek 
National Park, NE Hungary. Except for a part of its buffer zone in the south, the area is under 
strict protection. Haragistya is a continuation of Silická planina, and it bears all the hallmarks 
of a typical karst plateau. Its surface is dry and highly varied, covered by series of dolines 
and dry valleys. The 90 ha sample area is situated in the south-eastern part of the plateau. 
Wetterstein Limestone and Dolomite make up the bedrock, dolomite being more typical 
within the selected study area. However, in the bottom of hollows such as dolines, valleys 
and slope curves, Cretaceous red clay sediments have accumulated, and in certain places 
serve as a basis for soil formation. The tops and ridges are characterised by extremely shallow 
black rendzinas, and the slopes by slightly deeper brown rendzinas. On the red clayey patches 
red rendzinas and deeper brown forest soils developed. 
The zonal forest types of the karst plateaus of the Aggtelek Mts. are xerotherm sessile 
oak forests (Quercetum petraeae-cerris, but mainly without the turkey oak), which occupy 
the lower hilltops, ridges and southern-facing slopes, while mesophilous sessile oak-
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hornbeam forests (Carici 
pilosae-Carpinetum) are the 
characteristic association of the 
high plateaus and northern-
facing slopes. Submontane 
beech forests (Melitto-Fagetum) 
can be found in small patches, 
mainly in valleys and on north-
facing slopes. According to the 
forest inventory, the age of the 
forests in the sample area varies 
between 60 and 110 years. 
Management activity in the last 
decades mostly consisted of 
thinning; however some of the 
area has not been actively 
managed for at least 40 years. 
Recruitment and early 
regeneration dynamics are 
currently strongly affected by 
the high number of browsing 
game. 
For the purposes of long-
term structure monitoring in the 
forest reserve, a 50 m resolution 
grid of 361 permanent plots was 
established in 2006, each 
consisting of a 10 m radius circle 
(Fig. 1). The plots were divided 
in 3 age groups (61–80, 81–100 
and 101–120 yrs) based on the inventory data and 3 broad forest types (dry oak, mezophilous 
oak and beech stands). 
2.2. Data  
In the course of the baseline survey in 2006–2007 we recorded the position, diameter 
at breast height (dbh) species and crown class (according to the Kraft-classification) of every 
living tree and snag exceeding a dbh of 5 cm or a height of 5 m within the 10 m-radius circle 
plots. Tree heights were measured for a few hundred individuals (Zboray et al. 2007). The 
survey was partly repeated in autumn 2015, in 53 of the original plots. For the present study 
we used the data of 13 sample plots from beech stands, representing each of the 3 age groups 
(Fig. 1, Table 1). The chosen stands are mainly dominated by beech or hornbeam, 
accompanied mainly by Sorbus torminalis and downy oak (Quercus petraea). We chose plots 
where signs of earlier thinning (e.g. tree stumps) were not evident. 
For both model parameterisation and as reference we used some results and equations 
from the baseline survey of 2006–2007, data from the repeated survey, and also from the 
literature. Wood density data came from the Chave et al. (2009). For the estimation of the 
species-specific C-content of dry matter in the different biomass compartments and the 
 
Fig. 1  The study area 
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proportion of C stored in the roots and the foliage compared to the stem and the branches we 
used the results of Führer and Jagodics (2009) who carried out specific measurements in 
beech stands in Hungary. 
Table 1  Stand characteristics of the examined plots 
Plot ID Age (y) 
No. of trees 
(2015) in 
the plot 
Proportion Yield class 
Fagus s. Carpinus b. other Fagus s. Carpinus b. other 
19AS 105 19 0.26 0.53 0.21 5 4 4 
23AQ 105 17 0.41 0.24 0.35 2 5 5 
24AQ 105 13 0.77 0.08 0.15 4 5 4 
25AR 105 13 0.38 0.46 0.15 6 5 5 
18AO 100 18 0.39 0.28 0.33 5 5 5 
19AQ 100 19 0.53 0.16 0.32 5 5 5 
19AR 100 18 0.39 0.61 0.00 4 4 5 
28BA 100 14 0.29 0.71 0.00 5 4 5 
22BA 75 12 0.67 0.00 0.33 4 5 4 
23BA 75 17 0.76 0.18 0.06 5 5 5 
25AZ 70 18 0.83 0.11 0.06 4 5 5 
29AW 70 18 0.39 0.28 0.33 6 5 5 
38BB 75 14 0.43 0.29 0.29 5 4 5 
 
Estimations serving as reference data for the C-content of the tree stem and branches 
were calculated using tree volume, density and species-specific C-content. In order to 
calculate the volume of each individual tree, Király’s tree volume equation was applied (see 
Veperdi 2008). Tree height, which is a necessary input to this equation, was estimated on the 
basis of species-specific diameter-height equations set up using data from the first survey of 
2006 (Tanács 2011). The C-content of the roots and foliage were then estimated on the basis 
of their above-mentioned proportions. The results were up-scaled to a 1-ha area for each plot. 
2.3. Carbon sequestration modeling 
2.3.1.Brief description of the CO2Fix model 
CO2Fix (v. 3.2) is a simulation model developed as part of the CASFOR II project. It 
quantifies the carbon stocks and fluxes in the forest biomass, the soil organic matter and the 
wood products chain (Masera et al. 2003; Schelhaas et al. 2004). These are estimated with a 
time-step of one year using the ‘cohort’ as a unit, where each cohort is defined as a group of 
individual trees assumed to exhibit similar growth. The model consists of six modules: 
biomass, soil, wood products, bioenergy, financial and carbon accounting. The total carbon 
content of the system is obtained by adding up the amount of live biomass and soil carbon 
content and the carbon stored in wood products. The overall effect on the climate system 
depends on the changes of the carbon content and the so-called avoided emission. Avoided 
emission characterizes how much less carbon dioxide is released into the atmosphere through 
substituting fossil fuels with biomass; it is also calculated by the bioenergy module. Since 
the present analysis aims to find the appropriate parameterisation for the biomass module, 
which is the basis of the model calculations, only the biomass module was used. It uses the 
following equation to calculate carbon content: 
 Cbit+1 = Cbit + Kc [Gbit – Msit – Tit – Hit – Mlit]      (tC ha-1) (1) 
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where  
− Cbit: C-content of the living biomass of cohort ‘i’ at time ‘t’ 
− Kc: constant to convert biomass to carbon content (MgC per Mg biomass dry weight).  
− Gbit: biomass growth 
− Msit: tree mortality due to senescence 
− Tit: turnover of branches, foliage and roots 
− Hit: amount of harvest 
− Mlit: mortality due to logging 
2.3.2.Model parameterisation 
The model calculates the biomass increment using the following equation: 
 Gbit = (Kvi Ysit (1 + Σ (Fijt))) · Mgit      (Mg ha-1 yr-1), (2) 
where: 
− Kvi: basic wood density (Mg dry biomass per m3 of fresh stemwood volume) for each 
cohort ‘i’ 
− Ysit: is the volume yield of stem wood for each cohort ‘i’ (m3 ha-1 yr-1), 
− Fijt: is the biomass allocation coefficient of each living biomass component ‘j’ (foliage, 
branches, and roots) relative to stems, for each cohort ‘i’ at time ‘t’ (Mg per Mg 
stemwood), and 
− Mgit: is the growth modifier due to interactions among and within cohorts 
(dimensionless). 
Wood density data came from the Wood Density Database (Chave et al. 2009). The 
annual yield of stem wood was derived from the national yield tables (Sopp 1974, Béki 1986, 
Mendlik 1986, Béki 1987). These are available for the commercially significant tree species 
of Hungary. Yield classes were determined according to the maximum height for each species 
at the plot and checked against the increment between 2006 and 2015. Since the eroded 
karstic soils do not provide a favourable environment for growth, we generally worked with 
the tables for classes 4 or 5 (in a few cases 3 or 6). In order to calculate the relative growth 
of the other biomass compartments (roots and foliage) we used data from Führer and Jagodics 
(2009).  They measured the amount of C-content/ha in the different compartments of a beech 
stand and we used the proportions as a constant value for relative growth. For the relative 
growth of branches, we used the small branches’ proportions tables available along with the 
yield tables. Percentages for each species and age group were given based on the typical 
dimensions (dbh and height) of the appropriate yield class. Each species for each yield class 
was handled in a separate model and the results were added up for each plot after being 
weighted according to the species composition. Therefore interactions between the cohorts 
were not (directly) included in the model (correction number was left at the default: 1). For 
rare species without yield information we used the parameters of the most similar commercial 
species, mainly pedunculate oak.  
Turnover rates were defined on the basis of the paper of Wutzler and Mund (2007). 
As the products module was not used, the amount of harvest and mortality due to logging 
were not considered – the status of the area (‘forest reserve’) means that active management 
is limited to its buffer zone. 
As described in the introduction, the mortality rate parameter was earlier found to be 
a critical point of the parameterisation. In order to find the best approach, we ran the model 
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with 3 different mortality settings. In the first case (‘no mortality’) we set the mortality rates 
to 0 as is the model default. In the second case (‘yield table mortality’) we used the volume 
of trees proposed for removal in the yield tables, supposing that since thinning aims to 
optimize growth, the volume of wood proposed for removal would be similar to that lost to 
mortality in a natural forest. This means relatively high, although continuously decreasing 
rates. In the third case (3) we used the species-specific mortality statistics calculated from 
our own dataset for the examined beech stands for the period between 2006 and 2015. In this 
case for stands younger than 50 years, mortality rates were set to 0. 
3. RESULTS AND DISCUSSION 
3.1 Model results  
When estimating the actual carbon content of the stands based on the survey data, we 
got on average 188 t ha-1 for the 100–105-year-old stands and 148 t ha-1 for the 70–75 year-
old ones (Fig. 2). Of the 13 plots examined, 18AO had to be omitted; shortly after the baseline 
survey, a gap formed in the vicinity of the plot, where most of the trees (representing 87% of 
the volume in 2006) died by the autumn of 2015; thereore the amount of carbon stored in the 
remaining living biomass is much lower at this plot than at others around it. Although the C 
content of living biomass at the plot increases with stand age, other factors (e.g. species 
composition and local mortality) also influence its value. 
 
Fig. 2  C-content of the biomass (t ha-1) at the plots estimated using survey data from 2015. Dates 
show the  time of the last stand regeneration based on forest inventory data 
Since most of the stands in the reserve have been subject to management in the past, 
their natural development has only recently begun and their structure retains traces of earlier 
human impact (Tanács et al. 2007). Therefore the amount of biomass (and carbon) stored in 
the stands was expected to be between those of managed stands and naturally developed 
forests. Führer and Jagodics (2009) carried out detailed measurements in a managed beech 
forest at a high-quality site and as a result found the C-content of the living biomass to be 
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292 t ha-1. Juhász et al. (2008) measured and estimated the C-content of an old-growth natural 
beech forest (Kékes-Észak forest reserve) and got 231 t ha-1 as a result. Our results are 
typically lower than both, however the stands in our survey are younger and the site is less 
favourable. 2 of our plots (23AQ and 24AQ) show values that are similar to the above-
mentioned results, these are situated in a rather remote part of the study area, where stands 
with the most natural structure can be found (Tanács 2011). 
Fig. 3 shows the model results together with the reference values. All those 
calculations where mortality is included tend to underestimate the carbon content, except in 
the case of plot 18AO, where locally mortality was extremely high in recent years and 
regrowth has not occurred yet. Calculations without including mortality seem to give the best 
estimations for the carbon content of the biomass. The reason for this could be that the loss 
of a dominant tree also means modified light conditions resulting in the accelerated growth 
of the surviving individuals around it. Whereas it is possible to include mortality in the model, 
it is not possible to directly include the effect of the resulting increased growth. The average 
difference between the model results and the reference values is -8.38 t ha-1 (25.8 t ha-1 if the 
absolute values are averaged), which means an average -2.69% of the reference values 
(15.44% for the absolute values). 
 
Fig. 3  The carbon content of the biomass (t ha-1) at the plots using different mortality settings in the 
model 
As the averages show, the no-mortality model results are in most cases also lower than 
the reference values (see also Fig. 4). One reason for the underestimation could be that the 
yield tables applied were created on the basis of national-level data; no matter how carefully 
the yield class is chosen, in most locations the actual growth rates are different. This is 
especially true in the extremely diverse karstic environment where growing conditions may 
significantly change within very short distances (Tanács 2011). Also, the yield tables contain 
data for monospecific stands whereas interactions between species could result in increased 
growth rates (such an effect was demonstrated in another Hungarian forest reserve for beech 
by Veperdi (2010)).  
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In some cases the model with the ‘no-mortality’ setting overestimates the carbon 
content of the biomass, usually for those plots where the proportion of hornbeam is high 
(Fig. 4). 
Since in these forests hornbeam generally forms a second crown layer, overshadowed 
by the bigger beech trees, its growth is considerably slower than it would be in a monospecific 
stand such as those represented by the yield table. Mortality is higher among the suppressed 
individuals (Tanács and Barta 2014) but the disappearance of a small tree from the second 
crown layer probably does not generate so much excess light as to induce faster growth in 
the vicinity. 
 
Fig. 4  The effect of species composition on the performance of the ’no mortality’ model 
4. CONCLUSIONS 
Hungarian forests are considered important carbon sinks (Somogyi 2008); in fact, they 
are the only significant sinks in the greenhouse gas balance of Hungary (Kis-Kovács et al. 
2011). As climate mitigation becomes a more and more pressing issue, the role of forests as 
carbon sinks will increase even further and management decisions will need to increasingly 
take this into account. Carbon sequestration models can be useful tools in planning future 
management strategies, but only if they are properly calibrated for the ecosystem in question. 
In our study we used data from the literature and other publicly available data for the 
parameterisation of the CO2Fix model and compared the model results to reference 
estimations based on data from a field survey carried out in autumn 2015 in some beech and 
hornbeam-dominated stands of Haragistya-Lófej forest reserve. Due to the less favourable 
site conditions, effects of earlier management and the age of the stands the actual carbon 
content of the biomass was found to be somewhat lower than expected in a near-natural beech 
forest. We also examined the effect of using different mortality settings on the results. The 
model with ‘no mortality’ settings was found to give the best results in almost all the plots, 
however the performance was species-dependent. The higher the proportion of hornbeam is 
at the site, the higher the chance that the model overestimates the carbon content. This draws 
attention to the fact that growth is much affected by the status of the individual within the 
canopy (expressed e.g. by the crown class) therefore the model performance could perhaps 
be further enhanced by taking this into account as well.  
It is important to note that empirical data (even appropriate yield tables) for setting up 
even a relatively simple carbon sequestration model are scarce even for the most researched 
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tree species and forest types and there are several of these (usually economically less 
important) for which practically no data are available. 
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